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SECTION  1 

INTRODUCTION 


Extensive  studies  have  been  carried  out  in  an  attempt  to  achieve  very  high  density  and 
high  temperature  plasma  conditions  by  passing  large  currents  through  a  wide  variety  of 
loads. [1]  These  Z-pinch  plasmas  are  of  interest  as  sources  of  x-rays,  potential  thermonuclear 
reactors,  and  an  optical  pump  for  x-ray  laser  application,  to  mention  a  few.  Very  important 
issues  confronting  the  researchers  trying  to  achieve  these  energetic  plasma  conditions  is  the 
efficiency  of  coupling  the  generator  to  the  load,  the  stability  of  the  load,  the  dynamics  of  the 
load  during  the  implosion  phase  and  the  heating  and  radiating  processes  occurring  after  the 
load  stagnates  on  axis. 

Various  load  configurations  have  been  attempted  to  address  one  or  more  of  these  is¬ 
sues.  Annular  wire  arrays  and  gas  puffs  have  attempted  to  improve  the  coupling  effi¬ 
ciency  by  reducing  load  impedance  relative  to  a  single  wire  load.  [2]  Load  stability  has  been 
sought  by  employing  a  series  of  nested  gas  puffs  to  reduce  the  disruptive  effect  of  Rayleigh- 
Taylor  instabilities, [3]  and  using  an  axial  magnetic  field  on  axis  to  suppress  MHD  sausage 
instabilities. [4]  Improved  stability  and  coupling  efficiency  were  also  reported  recently  when 
a  gas  puff  source  was  imploded  onto  a  wire  load. [5] 

Improved  load  performance  has  also  been  sought  using  pulse  forming  lines  and  plasma 
opening  switches  (POS)  to  shorten  the  current  pulse  rise  time. [6]  The  large  1  =  dl/dt  of 
these  devices  is  expected  to  increase  the  kinetic  energy  of  the  imploding  load  and  achieve 
implosion  before  disruptive  plasma  instabilities  occur.  The  rapid  /  has  been  predicted  to 
quickly  form  a  conducting  sheath  around  each  vaporized  and  ionized  wire  element  in  the 
array. [7]  The  magnetic  force  then  prevents  the  wire  from  expanding,  allowing  each  element 
to  implode  as  a  unit  onto  the  axis  without  shorting  to  the  return  current  posts. 

Although  great  progress  has  been  made  in  understanding  the  physical  processes  occurring 
in  these  dense  Z-pinch  devices  many  important  questions  still  remain.  Optimum  yield  is 
predicted  to  occur  if  the  load  implodes  on  axis  when  the  current  reaches  its  peak  value  and  the 
kinetic  energy  per  ion  is  sufficient  to  reach  the  K-shell  ionization  level. [8]  The  conditions  for 
optimum  x-ray  yield  are  in  reasonable  agreement  with  the  prediction.  However,  the  observed 
x-ray  pulse  duration  is  an  order  of  magnitude  larger  than  predicted  and  the  observed  yield 
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is  correctly  predicted  only  if  the  radiating  mass  is,  in  general,  assumed  to  be  only  a  small 
fraction  of  the  initial  wire  mass. [8]  The  results  from  experiments  on  numerous  machines 
indicates  that  the  optimum  yield  is  observed  when  the  initial  wire  diameter  is  0.025  /im, 
a  result  that  is  not  understood.  [9]  The  enhanced  pulse  length  and  smaller  than  expected 
assembled  mass  both  suggest  straggling  in  the  load  assembly  on  axis  with  some  fraction  of 
the  mass  arriving  after  the  main  emission  event.  In  addition,  the  kinetic  energy  of  implosion 
only  accounts  for  |  of  the  radiated  energy,  indicating  a  nonOhmic  heating  occurs  after  the 
load  assembles  on  axis.  The  origin  of  this  heating  has  not  been  determined. [10] 

The  assumption  that  the  wire  loads  quickly  vaporize  and  ionize  into  a  highly  conducting 
plasma  may  not  be  valid  even  for  very  rapid  current  rise  times.  Lindenmuth  et  al.  [11] 
and  Bobrova  et  a/.[12]  have  attributed  the  stability  of  frozen  D 2  fiber  load  experiments  to  a 
persistent  solid  core  and  Aranchuck  et  a/.[13]  have  attributed  the  CuKa  emission  that  they 
observe  to  electrons  hitting  a  residual  solid  Cu  core.  The  observation,  by  Aivosov  et  a/., [14] 
of  a  precursor  plasma  assembling  on  axis  before  the  main  array  arrives  further  supports 
the  concept  of  a  multi-phase  current  channel  which  allows  a  low  mass  coronal  plasma  to 
separate  from  the  main  channel  and  implode  prematurely.  The  import  mce  of  the  initial 
conditions  occurring  on  each  wire  is  further  underscored  by  the  observations  of  R.  Spielman 
that  superior  plasma  radiation  source  (PRS)  performance  is  achieved  if  a  300  11s  prepulse  is 
added  to  the  very  short  rise  time  pulse  (60  ns)  of  the  Saturn  generator.  [10] 

The  study  described  herein  addresses  these  issues  of  initial  plasma  condition,  precursor 
plasma  formation,  plasma  load  preconditioning,  and  the  effect  of  I  on  the  coupling  of  the 
generator  to  the  load  and  011  plasma  stability. 

The  studies  were  carried  out  on  a  number  of  generator  configurations.  A  7.8  /xF  capacitor 
bank  was  used  to  deliver  a  sinusoidal  current  to  the  load  with  peak  amplitudes  in  the  range  of 
■300-375  kA  with  a  quarter  period  of  1.2- 1.4  /zs.  In  some  studies  a  2.5  nF  capacitor  delivering 
a  0.5  J  pulse  was  fired  0.3-1  /zs  before  the  main  bank  to  vaporize  and  preionize  the  load 
prior  to  application  of  the  main  current  pulse.  A  plasma  opening  switch  (POS)  was  used  to 
shorten  the  current  rise  time  to  about  100  ns  and  increase  /  from  0.2  x  1012  A/s  observed 
with  the  main  bank  only  to  1  x  1012  A/s  with  the  POS.  This  later  value  is  comparable  to 
the  /  per  wire  obtained  on  the  Double  Eagle  generator  driving  a  20  wire  ioad.  Studies  were 
also  carried  out  on  the  Double  Eagle  generator  delivering  4  MA  to  a  12  wire  load  in  100  ns. 

These  studies  were  extensively  diagnosed  using  streaked  emission  and  absorption  photog¬ 
raphy  to  study  load  dynamics,  holographic  interferometry  to  study  plasma  channel  forma¬ 
tion,  and  x-ray  pinhole  photography  to  identify  the  radiating  regions  in  the  plasma.  Multiple 
pinhole  cameras  employing  gated  microchannel  plates  were  used  to  study  the  temporal  evo¬ 
lution  of  the  radiating  volume  where  as  the  open  shutter  variety  were  used  to  monitor  the 
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average  emission  characteristics.  Filterea  gallium  arsenide  photoconducting  diodes  (GAD) 
were  used  to  record  the  x-ray  intensity  and  magnetic  pickup-loops  were  used  to  monitor  the 
feedline  and  load  currents. 

The  debris  emitted  by  the  discharge  was  collected  on  quartz  slides  and  analyzed  with 
a  scanning  electron  microscope.  The  studies  carried  out  on  Double  Eagle  also  had  a  crys¬ 
tal  spectrometer,  and  a  gated  grazing  incidence  spectrometers  (McPigs)  to  determine  the 
spectrum  of  emitted  x-rays. 

A  variety  of  loads  were  studied  from  single  fiber/wire  carbon  or  aluminum  loads  to  ware 
arrays  consisting  of  multiple  coated  loads.  Carbon  fibers  were  considered  for  this  study 
because  this  low  Z  element  should  be  readily  stripped  to  the  K-shell  even  with  the  modest 
currents  in  HY-Tech’s  White  lit’nin  facility.  The  difference  in  the  vaporization  properties  and 
conductivities  of  A1  and  C  provided  an  avenue  for  studying  the  effect  of  initial  conditions  on 
current  channel  formation.  Two  wires  oriented  perpendicular  to  the  probing  laser  provided 
a  clear  view  of  the  interwire  region  for  studying  implosion  dynamics  and  precursor  plasma 
formation. 

Composite  loads  consisting  of  layers  of  different  elements  were  studied  to  evaluate  the 
stability  and  coupling  efficiency  that  could  be  achieved  by  mixing  high  and  low  Z  elements. 
Studies  have  shown  that  better  compression  ratio  and  enhanced  pinch  stability  could  be 
achieved  by  adding  5%  Xe  to  a  // 2  gas  puff  plasma.[15]  The  radiative  properties  of  high 
Z  elements  are  expected  to  promote  the  compression  of  individual  wires  in  the  array  by 
reducing  the  temperature  and  hence  pressure  causing  them  to  expand.  The  tightly  pinched 
elements  could  then  implode  without  producing  a  significant  precursor  plasma.  By  avoiding 
a  precursor  plasma  that  can  implode  ahead  of  the  array  and  soften  the  implosion,  more 
efficient  coupling  of  the  generator  to  the  load  can  be  achieved.  The  spectral  content  of 
the  emitted  radiation  can  also  be  tailored  by  a  judicious  combination  of  elements.  Finally, 
the  layered  loads  provide  an  opportunity  to  obtain  radially  resolved  information  about  the 
current  channel.  By  measuring  when  and  where  the  b  or  K-shell  spectra  of  the  various 
elements  light-up,  the  time  of  arrival  and  temperature  of  the  stagnating  load  can  be  probed. 

The  highly  magnified  spatially  a. id  temporally  resolved  diagnostics  used  in  this  study 
reveal  many  new  and  significant  features  not  seen  before. 

1.  A  multiphase  plasma/current  channel  is  formed  with  a  low  density  coronal  plasma 
surrounding  a  dense  core  which  is  only  partially  ionized  well  into  the  current  pulse.  The 
coronal  plasma  is  a  highly  conducting  shell  that  responds  to  the  magnetic  field  and  may  be 
the  main  current  conducting  channel.  This  coronal  plasma  appears  to  be  due  to  out  gassed 
or  vaporized  material  blown  off  the  wire  or  fiber  surface. 

2.  The  soft  x-ray  portion  (E  <  0.3  keV)  of  the  spectrum  appears  to  come  from  hollow 
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shells  outside  the  interior  core.  These  shells  appear  to  be  associated  with  the  coroiu'  plasma. 
The  hard  x-rays  (E  >  1  keV )  radiate  from  small  “hot  spots’*  which  appear  to  be  located 
near  the  original  wire  position. 

3.  The  generator  appears  to  couple  to  the  load  more  efficiently  when  no  POS  is  used  to 
shorten  the  pulse. 

4.  The  coronal  plasma  is  observed  to  separate  from  the  central  core  and  implode  in  the 
two  wire  experiments.  This  separation  and  ensuing  straggling  appears  to  be  more  severe 
when  a  POS  shortens  the  current  rise  time. 

5.  The  total  K-shell  yield  of  Mg  coated  A1  loads  is  observed  to  peak  for  a  20%,  by  mass, 
Mg  coating. 

6.  The  fraction  of  A1  that  is  on-axis  during  the  K-shell  radiation  pulse  goes  to  zero  when 
the  mass  of  the  Mg  coating  approaches  50%. 

7.  Theoretical  calculations  show  a  low  density  coronal  plasma  having  9%  of  the  load 
mass  surrounding  a  cold  core.  This  corona  conducts  70%  of  the  load  current  even  though 
its  density  may  be  only  10-4  of  the  core  density. 

The  results  obtained  in  this  study  are  consistent  with  the  observations  of  others  and 
may  explain  other  phenomena  that  are  presently  considered  anomalous.  They  agree  with 
the  predictions  of  multiphase  plasma  channels  by  Lindenmuth  et  al.  and  others, [11,  12, 
16]  and  the  observations  of  Aranchukef  al.  and  Figuraef  al.. [13,  17]  The  separation  of 
the  coronal  plasma  from  the  neutral  core  and  its  subsequent  implosion  observed  in  two 
wire  experiments  confirms  the  measurements  made  by  Aivozovet  al.  concerning  precursor 
plasma  formation. [14]  This  phenomena  may  account  for  lower  than  anticipated  yields  due  to 
a  softened  load  implosion,  which  compresses  a  small  fraction  of  the  mass  radiating  on  axis  in 
the  K-shell, [8]  and  the  longer  than  anticipated  radiation  pulse  length. [8]  The  more  efficient 
coupling  of  the  generator  to  the  load  observed  without  the  POS  (lower  I)  may  explain  why 
a  current  prepulse  on  the  Saturn  generator  produces  superior  yields  with  PRS  loads. 

These  results  have  significant  consequences  for  the  chances  of  achieving  desired  radiation 
yields  on  the  Jupiter  and  next  generation  of  simulators.  First  and  foremost,  the  initial  con¬ 
ditions  in  the  load  are  very  important  to  the  subsequent  implosion  of  the  load.  Multiphase 
discharge  channel  formation  will  result  in  very  nonuniform  plasmas  distribution  on  foil  loads. 
These  nonuniformities  are  the  seeds  for  Raleigh -Taylor  instabilities,  and  have  been  identified 
as  the  most  serious  obstacles  to  good  foil  implosion  on  Pegasus  and  Shiva  Star. [18,  19]  It 
clearly  suggests  that  good  uniform  vaporization  and  ionization  of  the  load  should  be  accom¬ 
plished  before  the  main  current  pulse  is  applied.  It  further  suggests  that  the  initial  plasma 
formation  must  be  adequately  modelled  before  realistic  theoretical  predictions  can  be  made. 
The  scaling  laws  derived  from  predictions  that  have  been  bench  marked  by  experiment,  are 
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necessary  for  the  design  of  future  machines. 

The  next  chapter  presents  the  calculated  evaluation  of  an  aluminum  coated  carbon  fiber 
load  using  a  1-D  hydrodynamic  model.  The  experimental  system  is  described  in  Section  3 
and  the  results  are  presented  in  Section  4.  A  discussion  of  these  results  then  follows  and  a 
conclusion  chapter  completes  the  report. 
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SECTION  2 
THEORY 


2.1  INTRODUCTION. 

Numerical  simulations  of  pulsed  power  driven  Z-pinch  plasmas  almost  universally  start 
with  the  load  in  a  preheated  plasma  state.  The  rationale  for  introducing  this  initial  plasma 
state  is  to  avoid  addressing  the  complex  physics  issues  associated  with  the  early  time  plasma 
formation  due  to  primary  induced  current  breakdown.  To  describe  primary  induced  current 
breakdown  would  require  addressing,  at  a  minimum,  such  questions  as:  where  is  the  current 
flowing  and  what  is  its  distribution,  how  does  the  cold  matter  resistivity  vary  with  temper¬ 
ature  and  density,  and  how  does  one  describe  and  characterize  the  equations  of  state  and 
transport  properties  through  phase  changes  as  the  wire  heats  up.  Without  this  information  it 
is  unclear  how  the  early  time  plasma  formation  influences  the  wire  dynamics  and  ultimately 
the  radiative  yield.  Some  of  the  issues  surrounding  the  cold  start  problem  were  previously 
investigated.  [7]  One  of  the  conclusions  reached  in  that  investigation  was  that  the  later  time 
behavior  of  the  plasma  is  relatively  insensitive  to  the  details  of  the  initial  conditions.  The 
analysis  was  based  on  a  similarity  solution  of  the  hydrodynamic  expansion  and  consisted  of 
a  single  zone  with  an  average  temperature  as  a  function  of  time.  0-D  single  zone  simulations 
are  often  used  to  provide  guidance  and  indicate  trends,  but  because  of  the  use  of  a  single  tem¬ 
perature,  0-D  models  are,  at  best,  crude  estimates.  Although  the  early  time  phenomenology 
predicted  by  this  model  is  in  qualitative  agreement  with  some  gross  experimental  features 
for  a  single  wire  it  does  not  provide  satisfactory  quantitative  agreement  nor  does  it  provide 
any  detailed  spectral  information.  In  the  absence  of  any  real  hard  data  for  comparison,  it  is 
difficult  to  generalize  that  the  early  time  behavior  is  uncoupled  from  the  later  time  radiative 
efficiency  and  performance.  Also,  for  wire  arrays  and  puff  gas  plasmas  there  is  evidence  to 
support  the  notion  that  there  is  coupling  between  early  and  late-time  phenomenology.  The 
first  example  comes  from  an  investigation  comparing  the  radiative  yields  from  a  wire  array  as 
a  function  of  initial  wire  diameter.[20]  In  this  paper  it  was  found  that  there  was  an  optimum 
wire  radius  corresponding  to  the  highest  radiative  yield.  Another  well  known  theoretical 
example  arises  simply  because  variations  in  the  pressures  opposing  the  driving  magnetic  pis- 
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ton  that,  in  the  course  of  events,  affects  the  dynamics  and  ultimately  the  radiative  yield.  In 
addition  there  is  the  question  concerning  all  the  issues  regarding  the  transport  of  energy  and 
momentum  in  the  plasma  for  a  given  current  distribution.  In  the  past,  most,  if  not  all,  of  the 
investigations  assumed  the  plasma  could  be  represented  a  a  laminar  MHD  plasma  flow  with 
classical  transport  coefficients.  However,  it  has  long  been  known  that  the  plasma  exhibits 
turbulent  behavior  during  its  evolution  which  has  usually  been  accounted  for  by  introducing 
arbitrary  anomalous  transport  coefficients  into  the  model.  In  addition,  it  must  be  remem¬ 
bered  that  since  the  early  time  behavior  is  critically  dependent  on  the  equation  of  state  as 
the  wire  material  undergoes  phase  changes,  which  subsequently  affects  the  resistivity,  the 
heating  and  dynamics  will  also  be  affected.  These  issues  must  be  addressed  in  the  future 
if  we  are  to  understand  all  aspects  of  load  dynamics  in  order  to  improve  load  performance 
and  enhance  yields.  For  the  present,  these  issues  are  beyond  the  scope  and  intention  of  this 
investigation  and  will  not  be  addressed  here.  We  will  adopt  a  much  simpler  approach  and 
focus  only  in  the  differences  in  the  early  time  plasma  behavior  due  to  the  introduction  of  a 
non-classical  resistivity  and  investigate  how  it  influences  observed  phenomenon  such  as  the 
early  time  dynamics  and  emission  spectra.  In  the  past,  anomalous  resistivity  was  accounted 
for  by  multiplying  Spitzer  resistivity  by  a  variety  of  multiplicative  factors  in  order  to  obtain 
agreement  with  the  radiative  yields.  The  approach  adopted  here  is  to  employ  a  theoretically 
derived  non-classical  resistivity  rather  than  search  for  some  multiplication  factor.  A  com¬ 
parison  will  then  be  made  between  numerically  simulated  emission  spectra  and  profiles  of 
the  plasma  0  4  the  first  100  ns  of  the  current  pulse  for  Spitzer  and  non-Spitzer  resistivity. 

2.1.1  Model. 

The  numerical  simulations  are  carried  out  with  a  1-D  non-LTE  radiation  hydrodynamics 
model  self-consistently  coupled  to  the  external  circuit  equation  a  Pithon-class  generator. 
For  a  given  voltage  profile  the  model  self-consistently  generates  a  current  profile  shown  in 
Figure  2-1.  The  load  is  modeled  as  a  single  wire  composed  of  an  inner  carbon  fiber  (14  p 
radius)  concentrically  surrounded  by  an  outer  coating  of  aluminum  (1  (i  thick).  The  wire 
length  is  taken  as  3  cm  lone  but  all  results  are  eiven  Der  cm.  The  atomic  model  contains  all 
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the  ground  states  of  carbon  and  aluminum  and  an  excited  state  manifold  for  both  materials 
in  order  to  account  adequately  for  the  spectral  diagnostics  and,  for  the  later  times,  the 
radiative  energetics.  The  radiation  transport  model  uses  a  probability  of  escape  method  with 
a  multi-zone  capability.  I11  the  benchmark  simulat  ion  the  electrical  resistivity  is  represented 
by  a  Spitzer  formula  since  it  is  the  expression  most  commonly  employed  in  the  majority  of 
calculations.  The  second  simulation  employs  an  expression  for  the  resistivity  that  is  valid 
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over  a  wider  range  of  parameter  space  including  the  dense  cold  plasma.  It  is  well  known 
that  this  form  of  the  resistivity  does  not  transition  into  Spitzer  at  higher  temperatures  and 
lower  densities  as  shown  in  Figure  2-2.  This  difference  is  well  known  in  the  literature,  (see, 
for  example,  [21]) 

2.1.2  Results. 

For  the  voltage  profile  shown  in  Figure  2-1  a  self-consistent  current  was  calculated  using 
the  circuit  model.  Since  this  report  is  concerned  only  with  the  first  100  ns  or  so,  the  cur¬ 
rent  rises  to  a  value  of  about  0.6  MA.  However,  this  is  more  than  sufficient  to  characterize 
the  initial  start-up  plasma.  The  early  time  evolution  of  a  single  wire  driven  by  a  rapidly 
rising  current  exhibits  three  stages:  heating,  expansion,  and  contraction.  The  wire  is  first 
ohmically  heated;  is  then  followed  by  an  expansion  phase  and  subsequently  enters  a  con¬ 
traction  phase.  Initially,  when  the  resistivity  is  high  the  wire  is  heated.  This  is  followed  by 
an  expansion  phase  so  long  as  the  fluid  pressure  exceeds  the  magnetic  pressure.  When  the 
magnetic  pressure  becomes  greater  than  the  fluid  pressure  the  plasma  enters  its  contraction 
phase  and  implodes  onto  its  axis  For  the  classical  case  (Spitzer)  the  resistivity  increases 
with  decreasing  temperature  (i.e.  in  the  absence  of  a  component  due  to  the  electron-neutral 
collision  frequency).  For  the  nonclassical  expression  used  here  the  resistivity  will  first  in¬ 
crease  at  low  temperatures  and  then  decrease  as  the  temperature  increases.  This  difference 
will  manifest  itself  in  the  early  time  phenomenology.  There  is  also  an  unresolved  problem 
plaguing  the  early  time  co'd  start  problem  that  involves  the  determination  of  the  effective 
charge  at  low  temperature.  Since  there  is  an  uncertainty  in  our  knowledge  of  the  effective 
charge  there  also  exists  an  uncertainty  in  the  resistivity  and  that  can  lead  to  significant 
errors  in  characterizing  the  cold  start  problem.  Just  how  large  an  effect  this  will  have  on 
the  current  distribution  during  the  heating  phase  will  have  to  await  a  sensitivity  analysis 
involving  the  effects  of  ionization  lowering  and  equation  of  state  calculation. 

The  simulations  presented  here  are  identical  in  every  respect  except  for  the  treatment 
of  the  electrical  resistivity.  In  the  first  set  of  simulations,  referred  to  as  the  Benchmark 
calculation,  classical  Spitzer  resistivity  (the  “B”  curve)  was  used.  The  load  consists  of  an 
inner  carbon  fiber  with  a  radius  of  14  pm  while  the  thickness  of  the  concentric  aluminum 
overcoat  is  1  pm.  The  electrical  conductivity  used  in  these  computations  is  shown  in  Figure  2- 
2  as  a  function  of  temperature  and  for  one  density.  There  are  two  curves  with  the  Spitzer 
label:  the  “A"  curve  represents  the  conventional  Spitzer  conductivity  with  a  logA=5  cutoff. 
The  “B”  curve  represents  the  Spitzer-Harm-like  conductivity  with  a  logA=5  cutoff.  The  “B” 
form  of  the  classical  conductivity  was  used.  The  curve  labeled  “Cauble”  represents  a  non 
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Figure  2-1.  Voltage  and  current  waveforms. 
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2-2.  Temperature  dependence  of  the  three  models  for  the  resistivity  of  the  pi 
at  one  value  of  the  mass  density. 


classical  conductivity.  [22] 


2.2  BENCHMARK  SIMULATION. 

The  evolution  of  the  v:;-re  plasma  using  Spitzer  conductivity  has  been  calculated  for  the 
first  100  ns  of  the  plasmas’  evolution.  A  summary  of  these  results  are  shown  on  Figure  2-3 
and  2-4.  Figure  2-3  represents  a  history  of  the  energy  and  its  components  as  a  function  of 
time.  The  “Total”  energy  represents  the  sum  total  of  all  the  components.  The  “Plasma” 
energy  represents  the  sum  of  the  kinetic,  ionization,  and  thermal  energy,  During  the  early 
time  heating  phase  the  thermal  energy  and  energy  stored  in  ionization  account  for  most  of 
the  energy.  At  about  90  ns  the  radiative  energy  exceeds  the  thermal  energy  and  begins  to 
dominate  the  energetics  of  the  single  wire.  The  kinetic  energy  component  plays  a  minor  role 
in  the  overall  energetics  of  a  single  wire.  However,  as  shown  in  Figure  2-3  the  kinetic  energy 
exhibits  an  oscillatory  behavior  representative  of  expansions  and  contractions  reminiscent  of 
a  Bennett-like  equilibrium  pinch.  Representative  profiles  of  the  plasma  temperature,,  density, 
current  density,  pressure,  and  emission  spectrum  are  presented  in  Figure  2-4  at  t~40  ns  when 
the  load  current  is  25-35  kA.  A  warm  cor  >na  surrounding  a  cold  core  is  observed  throughout 
the  entire  wire/plasma  evolution.  Even  though  this  corona  contains  only  ~9%  of  the  load 
mass,  it  conducts  70%  or  more  of  the  load  current. 

2.3  NONCLASSICAL  RESISTIVITY. 

The  corresponding  energy  history  and  hydrodynamic  profile  obtained  with  the  Cauble 
resistivity  are  presented  in  Figures  2-5  and  2-6.  Qualitatively  there  does  not  appear  to  be 
large  energetic  differences  in  comparison  with  the  benchmark  simulation.  However,  a  closer 
scrutiny  of  Figure  2-5  shows  some  interesting  phenomenological  differences.  First,  the  kinetic 
energy  undergoes  more  oscillations  during  the  first  60  ns  of  the  run.  This  is  a  reflection  of 
the  variation  of  dL/dt  due  to  the  variation  of  the  radius  and  the  increasing  magnetic  field 
during  the  current  rise.  Also,  the  appearance  of  the  “peak”  or  slight  enhancement  in  the 
thermal  energy,  which  coincides  with  the  increased  heating  due  to  compression,  followed  by 
the  contraction  occurs  earlier  in  time  than  for  the  benchmark  calculation. 
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2.4  SUMMARY. 


During  the  first  100  ns  there  are  observable  differences  in  the  energetics  and  radius  as 
a  function  of  time  between  the  two  cases  investigated.  There  are  significant  and  observable 
differences  in  the  emitted  spectra  both  in  magnitude  and  in  the  appearance  of  the  specific 
spectral  lines  as  a  function  of  time.  The  magnitude  of  the  continuum  radiation  is  also  ob¬ 
servably  different,  particularly  at  very  early  times.  With  state-of-the-art  spectroscopy  and 
interferometry  it  should  be  possible  to  differentiate  between  the  two  cases  when  unfolding 
experimental  data  by  observing  the  time  delay  in  the  emission  of  selected  fiducial  caibon 
lines  as  a  function  of  the  overcoat  thickness.  However,  it  should  be  pointed  out  that  the 
experimental  results  contain  the  combined  integrated  action  of  a  variety  of  phenomena  oc¬ 
curring  simultaneously.  This  makes  it  essential  to  theoretically  investigate  the  consequences 
of  each  phenomena  separately  as  well  as  collectively  in  order  to  determine  how  each  affects 
the  final  result. 

The  numerical  simulations  presented  here  have  focused  on  a  single  issue  for  an  idealized 
situation  in  the  sense  that  a  particular  form  of  the  conductivity  was  adopted.  It  is  obviously 
a  first  attempt  to  self-consistently  calculate  the  dynamics  based  on  an  expression  for  the 
conductivity  that  extends  over  a  broad  temperature  range,  particularly  for  low  temperatures. 
Clearly,  there  is  a  need  to  develop  an  improved  theory  to  deal  with  the  issue  of  conductivity 
and,  for  that  matter,  all  the  transport  issues  mentioned  in  the  Introduction.  Incorporating 
these  effects  into  the  model  will  permit  a  systematic  study  of  the  wire  phenomenology  and 
better  correlate  the  relationship  between  the  early  and  late  time  behavior  as  well  as  the 
experimental  observations. 


SECTION  3 

EXPERIMENTAL  SET-UP 


This  chapter  is  divided  into  two  main  subsections.  The  first  describes  the  physical  appa¬ 
ratus  that  were  used  during  the  course  of  this  experiment  which  includes  the  main  discharge 
system,  a  review  of  the  electrode  systems,  the  plasma  opening  switch,  the  aluminum  pre¬ 
conditioner,  and  the  fiber  loader.  This  is  followed  by  a  discussion  of  the  relevant  diagnostics 
used  to  perform  measurement  on  the  exploded  aluminum  wires  or  carbon  fibers. 

3.1  PULSED  POWER  SYSTEM. 

The  exploding  wire  pulsed  power  system  used  in  this  experiment  will  be  described  in  the 
following  sections  which  include  the  discharge  system,  the  low  energy  preconditioning  circuit, 
various  electrode  systems,  the  plasma  opening  switch  (POS)  and  the  fiber  loader.  Although 
the  system  was  designed  to  explode  single  and  double  wire  loads,  frequently  references  to 
a  “shorted”  load  are  made.  This  load  usually  consisted  of  a  0.75  inch  diameter  bar  which 
was  inserted  in  place  of  the  wire  load.  It  was  used  to  check  the  electrical  performance  of  the 
system  and  calibrate  current  monitors  since,  in  contrast  to  a  wire  load,  the  inductance  was 
constant  in  time. 


3.1.1  Parallel  Plate  Discharge  System. 

The  discharge  system  that  was  used  for  this  experiment  was  similar  to  a  system  that  had 
been  in  operation  at  the  University  of  California  at  Irvine. [23]  The  basic  discharge  system, 
except  for  electrode  modifications,  remained  essentially  unchanged  during  the  course  of  the 
experiment.  A  schematic  drawing  of  this  facility  is  shown  in  Figure  3-1.  A  set  of  four  1.85  /rF 
Scyllac  capacitors  were  connected  in  parallel  by  a  triplate  transmission  line  and  switched  into 
a  coaxial  electrode  system  by  a  Maxwell  model  40200  rail  gap  switch.  The  capacitor  bank 
operates  with  voltages  up  to  50kV.  A  seven  stage  140  kV  inini-Marx  bank  built  according 
to  the  design  developed  at  Los  Alamos  National  Laboratories  triggered  the  rail  gap  switch 
producing  multi-gap  breakdowns  in  the  switch.  IIY-Tech  incorporated  a  Krytron  switched 
capacitive  discharge  circuit  to  trigger  the  mini-Marx.  The  trigger  sequence  was  initiated  by 
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F'igure  3-1.  The  z-pinch  pulse  power  system  showing  the  triplate  transmission  line,  rail 
gap  switch,  and  generic  coaxial  z-pinr.h  electrodes. 


a  350  volt  pulse  from  the  control  console. 

3.1.2  Aluminum  Preconditioning  Circuit. 

Concerns  over  the  incomplete  vaporization  and  subsequent  ionization  of  the  aluminum 
load  material  led  to  the  development  of  a  low  energy  preconditioning  circuit.  The  circuit 
drove  an  axial  current  through  the  aluminum  load,  By  doing  so,  the  preconditioner  at¬ 
tempted  to  uniformly  heat  the  load  through  its  solid  and  liquid  phases  to  boiling.  At  that 
point,  the  z-pinch  discharge  system  was  switched  across  the  preconditioned  load. 

The  preconditioning  circuit  is  shown  in  Figure  3-2.  Four  2.7  nF  4U  kV  capacitors  were 
connected  to  form  a  2.7  nF  80  kV  bank.  The  80  kV  capability  was  built  into  this  circuit  so 
that  when  used  in  conjunction  with  the  z-pinch  disciiarge,  it  could  absorb  large  inductive 
voltages  associated  with  pinching.  The  preconditioner  bank  was  charged  to  15  -  40  kV  and 
switched  with  a  PT-55  triggered  spark  gap  switch.  The  oscillation  period  for  a  discharge 
through  a  0.75  inch  diameter  short  circuit  was  315  ns,  implying  a  system  inductance  of  930 
nil.  The  inductance  with  an  aluminum  load  was  near  1  pH. 

The  current  and  voltage  waveforms  obtained  with  a  20  kV  charge  and  an  8.5  mm  long 
aluminum  load  are  shown  in  Figure  3-3.  The  current  rose  to  a  peak  of  600  A  and  the  voltage 
to  6  kV  in  less  than  100  ns.  After  peaking,  the  voltage  abruptly  dropped  implying  the  onset 
of  ionization  in  the  load  region. 
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Figure  3-2.  Low  eneigy  preconditioner  circuit  for  vaporizing  aluminum  loads. 
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Figure  3-3.  the  current  and  voltage  waveforms  obtained  with  the  preconditioner  charged 
to  20  kV  and  using  an  8.5  mm  long  aluminum  load. 


3.1.3  Electrode  Configurations. 

The  coaxial  electrodes  and  interface  have  been  modified  several  times  throughout  the 
course  of  this  program.  There  were  four  distinct  electrode/interfa.ce  configurati  ons,  Elec¬ 
trodes  I-IV,  that  were  used  during  this  experiment.  The  first  two  were  constructed  to 
explode  wire  loads  by  a  direct  discharge  of  the  capacitor  bank,  while  the  last  two  were  de¬ 
signed  to  facilitate  plasma  opening  switch  operation.  The  sequence  of  electrode  systems  will 
be  described  chronologically. 

The  initial  design  was  relatively  simple,  it  contained  a  45°  insulator  and  is  shown  in 
Figure  3-4(a).  The  advantage  of  this  design  was  its  very  low  inductance.  The  current  rise 
time  of  the  system  with  a  shorting  bar  inserted  in  place  of  the  load  was  only  1  /rs.  This 


corresponds  to  a  total  inductance  of  only  55  nH.  This  circuit  produced  225  kA  for  a  20  kV 
charge  which  extrapolates  to  over  500  kA  at  full  voltage.  With  a  2  cm  length  wire  load,  the 
inductance  increased  by  about  30  nH  and  currents  of  185  kA  were  obtained  with  a  20  kV 
charge. 


(a)  Electrode  I  (b)  Electrode  □ 

Figure  3-4.  Electrode  systems  I  and  II  used  with  a  direct  capacitive  discharge. 

Although  the  electrode  system  shown  in  Figure  3-4(a)  was  low  inductance,  unacceptable 
breakdowns  across  the  interface,  even  at  low  voltage,  forced  us  to  redesign  the  top  end. 
Initially,  a  number  of  simple  modifications  were  tried.  These  included  changing  the  shape  of 
the  existing  interface,  inserting  a  flat  disk  insulator  in  place  of  the  angled  one,  and  shielding 
the  interface  from  load  initiated  UV  radiation.  When  these  proved  unsuccessful,  a  new 
system,  Electrode  II,  was  placed  on  the  machine.  The  redesigned  system,  shown  in  Figure 
3-4(b),  reduced  the  electric  field  strength  at  the  triple  points  by  appropriate  shaping  of  the 
electrodes  and  provided  better  isolation  of  the  interface  from  load  initiated  UV  radiation. 
However,  as  a  result  there  was  an  increase  in  the  inductance  to  about  82  nH  with  a  short, 
and  the  current  rise  time  increased  to  1.25  /zs.  Therefore,  for  a  short  circuit  load  Electrode 
II  delivered  470  kA  at  full  charge  and  400  kA  into  a  single  wire.  The  breakdown  problem 
which  had  been  observed  with  the  previous  design  was  reduced  significantly. 

Motivated  by  the  desire  to  investigate  the  effects  of  current  rise  times,  it  was  decided  that 
a  POS  would  be  inserted  on  the  machine  which  would  require  a  redesign  of  the  electrodes. 
The  POS  would  allow  us  to  vary  the  current  rise  time  by  about  an  order  of  magnitude. 
The  switch  would  be  required  to  conduct  for  about  a  microsecond  and,  since  this  is  a  rel¬ 
atively  long  conduction  time  POS,  JxB  motion  of  the  switch  plasma  toward  the  load  was 
anticipated.  Therefore,  the  new  design  called  for  an  elongated  electrode  system  so  plasma 


disruption  of  load  operation  would  not  be  a  problem.  The  result  was  the  Electrode  III  design 
shown  in  Figure  3-5(a),  which  was  tried  using  an  array  of  12  carbon  plasma  guns  as  a  plasma 
source.  Some  of  the  parts  from  the  previous  design,  including  the  interface,  were  used.  There 
were  a  number  of  problems  associated  with  this  set  up.  The  POS  would  only  switch  60  kA 
to  the  load,  and  the  interface  was  not  very  well  isolated  from  the  switch  plasma.  This  per¬ 
formance  was  unacceptable,  therefore  a  decision  was  made  to  use  a  flashboard  driven  plasma 
source  for  the  POS  and  to  improve  the  isolation  of  the  interface. 


(a)  Electrode  HI  (b)  Electrode  IV 


Figure  3-5.  Electrode  systems  III  and  IV  used  with  a  plasma  opening  switch. 

The  final  electrode  design,  Electrode  IV,  is  shown  in  Figure  3-5(bj.  Essentially  all  of 
the  data  reported  herein  was  obtain  with  this  electrode  system  installed  on  the  machine. 
It  showed  an  improvement  in  breakdown  characteristics  compared  to  previous  designs  and 
provided  enough  isolation  to  operate  a  6  flashboard  plasma  source  for  the  POS.  This  system 
was  designed  with  more  stringent  voltage  hold-off  requirements  and  better  isolation  from 
load  radiation.  The  concern  in  this  area  had  been  breakdowns  across  the  interface  which 
could  be  due  to  electric  field  enhancements  on  the  interface  surface,  or  breakdowns  initiated 
by  UV  radiation.  The  final  design  addressed  both  these  issues.  Two  factors  in  the  anode- 
cathode  geometry  led  to  an  improvement  in  the  isolation  of  the  interface  from  load  UV 


radiation.  A  decrease  in  the  anode  radius  and  the  addition  of  lobed  structures  increased  the 
required  number  of  reflection  for  load  initiated  UV  radiation  to  strike  the  interface.  The 
interface  itself  had  been  carefully  designed  by  using  an  electrostatic  field  plotting  code  to 
minimize  the  peak  electric  field  on  the' acrylic  surface.  The  interface  consisted  of  a  seiies 
of  acrylic  rings,  separated  by  conducting  rings,  which  under  an  ideal  situation  grades  the 
field  so  the  electric  potential  across  any  two  adjacent  rings  is  about  equal.  Although  the 
inductance  was  25  nH  less  than  Electrode  III,  it  was  still  significantly  larger  than  either  of 
the  first  two  designs.  This  was  primarily  due  to  the  elongation  of  the  electrodes.  The  system 
inductance  with  a  0.75  inch  diameter  shorting  bar  was  140  nH  which  resulted  in  a  current 
rise  time  of  1.6  /xs  and  a  peak  current  of  365  kA  at  full  charge.  With  a  25  /xm  diameter  load, 
these  numbers  changed  to  185  nH,  1.85  /xs  and  315  kA.,  respectively.  The  current  rise  times 
changed  dramatically  when  the  POS  was  operated,  as  will  be  explained  in  the  next  section. 

3.1.4  The  Plasma  Opening  Switch. 

To  achieve  faster  current  rise  times  in  the  lead,  a  plasma  opening  switch  was  installed 
on  the  coaxial  feed  line.  The  coaxial  electrodes  were  extended  axially  in  designs  III  &;  IV 
to  provide  a  20-25  cm  conduction  region  between  the  switch  ana  the  load.  In  Electrode  IV, 
the  anode  radius  was  also  reduced,  and  a  double-lobe  configuration  was  used  to  protect  a 
vertical  stack  interface  from  UV  and  plasma  originating  at  the  switch. 


(b)  Conduction  Time  vs.  Bank  Voltage 


Figure  3-6.  POS  results  using  the  12  carbon  plasm?  gun  array.  Machine  and  load  current 
waveforms  are  shown  in  part  (a)  and  a  plot  of  conduction  time  versus  capacitor 
bank  voltage  for  four  shots  in  (b). 


Two  different  plasma  sources  were  used  for  the  switch.  First,  twelve  carbon  plasma  guns, 
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or  Mendel  guns,  directed  plasma  at  the  cathode  through  windows  in  the  anode.  The  Mendel 
guns  were  fabricated  by  terminating  the  ends  of  0.141-semirigid  coaxial  cable  and  feeding 
them  through  the  vacuum  chamber  wall.  All  twelve  guns  were  energized  by  a  single  7.1  fiF 
capacitor.  The  impedance  of  each  gun  circuit  was  measured  to  be  125  nH  which  implied 
that  a  25  kV  discharge  produced  approximately  15  kA  of  current  in  each  gun  rising  in  1.5 
/us.  An  open  shutter  camera  verified  that  all  twelve  guns  were  producing  plasma. 

The  performance  of  the  opening  switch  using  plasma  guns  was  tested  with  a  3  cm  diameter 
rod  to  act  as  a  short  circuit  load.  A  current  transformer  placed  around  the  rod  was  used 
to  measure  the  load  current,  and  a  magnetic  pick-up  coil  was  used  to  monitor  the  generator 
current  prior  to  the  opening  switch.  Typical  waveforms  for  the  load  and  generator  currents 
are  shown  in  Figure  3-6(a).  Average  opening  times  were  - — ’125  nsec,  but  the  maximum 
switched  current  was  only  50  to  60  kA  which  was  unaffected  by  the  main  bank  voltage.  As  the 
main  bank  charging  voltage  was  increased,  the  conduction  time  decreased.  This  observation 
is  summarized  in  Figure  3-6(b)  which  shows  that  for  a  30  kV  charge  the  conduction  time 
was  only  as300  ns.  The  switch  performance  was  unaffected  by  the  gun  voltage  which  was 
varied  from  20  to  30  kV  indicating  that  the  injected  density  did  not  change.  Various  delay 
times,  that  is  the  time  between  firing  the  gun  bank  and  the  main  bank,  were  also  tried  with 
no  improvement  in  the  switching  current. 


Figure  3-7. 


The  plasma  injection  scheme  using  a  six  board  array  on  the  Electrode  IV 
system. 


These  observations  are  best  described  by  the  following  scenario.  The  switch  opens  when 
the  current  reaches  about  50  kA.  Longer  conduction  times  are  observed  for  the  lower  bank 
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voltages  because  it  takes  longer  for  the  current  to  rise  to  the  50  kA  level.  At  higher  bank 
voltages  very  short  conduction  times  were  observed  in  accordance  with  the  50  kA  limit. 
It  was  concluded  that  to  conduct  larger  currents  in  the  switch  a  plasma  source  capable  of 
injecting  much  more  plasma  was  needed. 


Time  (nsec) 

(a)  Driving  Circuit  (b)  Row  Current  vs.  Time 

Figure  3-8.  The  driving  circuit  (a)  and  the  measured  current  per  row  (b)  for  the  flash  board 
plasma  source. 


To  improve  the  performance  of  the  switch  an  arrangement  of  six,  four-row  flashboards 
was  used  to  inject  plasma  into  the  anode-cathode  gap  as  shown  in  Figure  3-7  using  Electrode 
IV.  Each  flashboard  row  contains  sixteen  1.5  mm  gaps  coated  with  colloidal  carbon.  The 
same  7.1  /zF  capacitor  and  spark  gap  switch  used  for  the  Mendel  guns  was  used  as  the  main 
storage  capacitor  in  this  discharge  system.  However,  three  intermediate  0.1  n F  capacitors 
pulse  charged  by  the  7.1  fiF  capacitor  act  to  sharpen  the  current  rise  to  each  flashboard.  Each 
of  the  0.1  nF  capacitors  is  connected  to  eight  rows  (two  flashboards)  by  eight,  20  cm  lengths 
of  RG-58  cable.  The  equivalent  circuit  for  this  arrangement  is  shown  in  Figure  3-8(a)  where 
each  row  is  represented  as  an  inductive  component.  The  circuit  can  deliver  approximately  2 
kA  per  row  in  200  ns  as  shown  in  Figure  3-8(b).  The  flashboards  were  placed  axially  22.5  cm 
from  the  load  and  radially  4  cm  from  the  outside  edge  of  the  anode  cage.  To  facilitate  plasma 
injection,  six  windows  were  cut  in  the  anode  opposite  the  flashboards  wiv.i  each  window  6.2 
by  4.5  cm. 

Approximately  100  shots  were  taken  on  the  system  with  a  shorted  load  to  investigate 
the  switch  parameters  at  various  machine  voltages  ranging  from  20  to  45  kV.  To  control  the 
amount  of  plasma  injected  into  the  A-K  gap,  the  flashboard  delay  time  was  varied.  This 
is  the  time  between  the  arrival  of  current  to  the  flashboards  and  generator  current  to  the 
switch  plasma.  Of  particular  interest  were  the  measurements  of  the  switch  opening  time, 


to 


Tune  (p*oc) 


■  1  i...  I,  «...■*.  i.l. .  .  .  .  1 

1.0  13  to  XJ  lo  »l 

FUsbbowd  Dotty  Oiooc) 


(a)  Load  and  Generator  Currents 


(b)  Efficiency  vs.  FI  ash  board  Delay 


Figure  3-9.  The  performance  of  the  flashboard  driven  POS  for  (a),  a  single  shot  at  45  kV, 
and  (b)  the  current  transfer  effeciency  vs.  the  flashboard  delay. 


conduction  time,  the  machine  current  when  the  switch  begins  to  open  and  the  ratio  of  load 
to  machine  current  after  opening.  To  make  these  measurements  magnetic  pickup  loops  were 
used  to  determine  the  load  and  machine  currents,  the  locations  of  these  loops  are  indicated 
in  Figure  3-5(b).  An  example  of  the  current  probe  readings  for  a  shorted  load  is  shown  in 
Figure  3-9(a);  in  this  case  the  machine  was  charged  to  45  kV  and  the  flashboard  delay  time 
was  3.06  (is.  The  measured  conduction  time  was  0.82  (i s,  the  opening  time  was  140  ns  and 
165  kA  was  switched  to  the  load.  The  current  transfer  efficiency  (Iin«d/Im«cii)  was  0.77  and 
the  average  value  of  dl/dt  delivered  to  the  short  was  1.1  MA//is.  It  was  found  that  flashboard 
delays  near  2.5  (is  would  produce  similar  results  at  45  kV  with  shorter  delays  necessary  at 
lower  voltages  down  to  1.5  (is  at  20  kV.  A  summary  of  the  current  efficiencies  measured 
on  a  number  of  shots  is  shown  in  Figure  3-9(b).  This  shows  that  the  best  efficiencies  were 
obtained  for  delays  less  than  2  (is  with  the  average  efficiency  around  60%. 

3.1.5  The  Fiber  Loader. 

A  fiber  loader  was  used  to  reload  fibers  without  breaking  vacuum  between  shots.  The 
original  design  was  similar  to  that  of  Kania.[24]  In  this  scheme,  a  long  fiber  is  attached  to 
a  pushrod  with  silver  paint.  The  rod  and  fiber  slide  through  a  quartz  tube  which  directs 
the  fiber  through  a  hole  in  the  center  of  the  anode  to  the  center  of  the  cathode.  A  sliding 
O-ring  seal  on  the  pushrod  maintains  vacuum  in  the  system.  A  positive  DC  bias  applied  to 
the  cathode  guides  the  fiber  to  the  pointed  cathode.  When  the  fiber  contacts  the  cathode,  a 
capacitor  in  parallel  with  the  power  supply  welds  the  fiber  to  the  cathode.  This  action  was 
successfully  used  for  aluminum,  carbon,  and  nickel  fibers. 


A  new  fiber  is  loaded  after  the  preceding  fiber  has  been  exploded  by  simply  depressing 
the  pushrod  further  to  feed  a  fresh  segment  of  the  fiber  into  the  A-K  gap.  In  this  manner 
several  shots,  the  number  determined  by  the  length  of  the  fiber  on  the  pushrod  and  the 
length  of  the  A-K  gap,  can  be  taken  in  quick  succession  without  breaking  the  vacuum. 

This  design  has  undergone  several  modifications  to  reduce  downtime  due  to  fiber  loading. 
The  original  design  resulted  in  complications  when  shots  were  taken  with  bank  voltages  ex¬ 
ceeding  35  kV.  The  higher  voltage  shots  caused  the  fiber  to  break  off  in  the  quartz  guide  tube, 
necessitating  frequent,  time-consuming  removal  and  cleaning  of  the  loader.  This  problem 
was  remedied  by  employing  an  “air  lock”  which  allowed  vacuum  in  a  very  small  volume  to  be 
broken  and  evacuated  quickly.  In  this  scheme,  the  pushrod  is  removed  and  a  new  length  of 
fiber  is  attached  for  each  shot.  The  air  lock  acts  as  an  intermediate  step  between  atmospheric 
pressure  and  the  vacuum  system  so  that  the  pushrod  and  fiber  can  be  quickly  removed  and 
installed  with  virtually  no  pumping  time  necessary.  This  mechanism  has  resulted  in  a  system 
that  can  be  reloaded  and  ready  for  a  shot,  in  several  minutes. 

3.2  DIAGNOSTICS. 

This  section,  covering  the  diagnostic  measurement  techniques  that  were  employed  during 
this  experiment,  is  organized  in  the  following  manner.  A  brief  discussion  is  presented  of 
the  equipment  and/or  apparatus  that  were  common  to  a  variety  of  the  diagnostics.  The 
remainder  of  the  section  contains  discussions  of  specific  diagnostic  techniques  and  is  orga¬ 
nized  into  a  subsection  on  imaging  diagnostics,  one  on  spectral  diagnostics,  and  another  on 
miscellaneous  diagnostics. 


3  2.1  Equipment. 

Various  pulsed  lasers  were  used  for  many  of  the  imaging  diagnostic  techniques.  A  Con¬ 
tinuum  model  580-30  Nd:YAG  laser  was  used  for  most  of  the  double  exposure  holographic 
interferometry  and  for  obtaining  framed  shadowgrams.  This  laser  had  a  nominal  pulse  width 
of  9  ns  and  maximum  power  of  200  mj.  For  the  measurements  we  performed,  a  frequency 
doubling  crystal  was  used  to  reduce  the  wavelength  to  5320  A,  where  holographic  film  was 
readily  available.  IIolo/  raphic  film  with  AGFA  10E75  emulsion,  at  3000  lines/mm,  was  used 
exclusively.  The  laser  energy  level  at  this  wavelength  was  approximately  50  mJ  yielding 
an  average  power  of  about  6  MW.  During  the  early  stages  of  the  experiment,  holographic 
recordings  were  made  using  a  Korad  K-l  pulsed  ruby  laser.  This  laser,  at  6943  A  and  40  ns, 
had  a  somewhat  longer  wavelength  and  pulse  width  then  the  frequency  doubled  YAG.  How¬ 
ever,  average  power  outputs  were  in  the  same  range  as  the  YAG  laser.  A  Phase- R,  model 
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2100  pulsed  dye  laser  was  also  used  for  making  framed  interferograms,  but,  its  relatively 
long  pulse  width  made  it  more  suitable  for  the  backlighting  of  streaked  shadowgrams  or 
absorptiongrams.  It  was  typically  operated  at  a  wavelength  of  5850  A  and  a  pulse  width 
which  could  be  250  or  500  ns. 

A  valuable  piece  of  equipment  which  allowed  us  to  perform  interferometric  measurements 
with  the  long  pulsed  dye  laser  and  streaked  shadow/abaorptiongrams,  was  a  Kentech  model 
OSC12  image  intensified  streak/framing  camera.  The  streak  and  or  frame  duration  on  this 
camera  could  be  set  between  20  ns  and  3  ms  at  manufacturers  defined  intervals.  Typically 
streak  duration  times  were  300  ns  or  1  /is,  and  frame  speeds  of  20  ns  were  used  for  the 
interferometry. 


Photon  Energy  (cV) 

Figure  3-10.  A  plot  of  the  relative  transmission  as  a  function  of  photon  energy  for  single 
layers  of  0.2  /an  Parylene,  0.5  /xm  Parylene,  1.8  /xm  Kimfoil,  and  8,6  /xm 
Kapton. 

The  implementation  of  x-ray  imaging  diagnostics  used  in  this  experiment,  as  well  as  time 
resolved  measurements  with  x-ray  diodes,  required  the  use  of  filters  which  prevented  visible 
light  from  being  detected  while  letting  the  x-ray  radiation  through.  For  this  purpose  we  used 
Parylene  filters,  with  thicknesses  of  0.2  or  0.5  /xm,  that  were  coated  with  800  A  of  aluminum. 


The  aluminum  coating  was  sufficient  to  block  the  visible  light  and  the  Parylene,  which  is  a 
hydrocarbon,  let  through  relatively  low  energy  x-rays.  Additional  filters  were  used  for  energy 
discrimination  of  the  emitted  radiation.  The  higher  energy  x-ray  filters  used  were  1.8  /xm 
Kimfoils  with  400  A  of  aluminum  and  8.6  p m  Kapton.  These  filters  were  normally  used  in 
conjunction  with  the  Parylene  filters.  Figure  3-10,  shows  the  relative  transmission  through 
single  layers  of  the  two  types  of  Parylene,  Kimfoil,  and  Kapton  filters.  Generally  this  plot 
shows  that  transmission  through  a  single  Kapton  filter  effectively  measures  radiation  above 
~1.5  keV.  Single  filters  of  Kimfoil,  0.5  /xm  Parylene,  and  0.2  /xm  Parylene  allow  progressively 
lower  energy  x-rays  to  reach  the  detector.  In  addition,  both  Parylene  filters  and  the  Kimfoil 
transmit  in  a  band  around  200  to  300  eV  where  the  Kapton  does  not.  The  transmission 
through  combinations  of  these  detectors  is  obtained  by  multiplying  the  appropriate  response 
curves  to  come  up  with  a  net  filter  function. 

3.2.2  Imaging  Diagnostics. 

The  imaging  diagnostics  that  were  employed  will  be  described  in  this  section.  These 
techniques  are  subdivided  into  five  categories  and  include  methods  which  use  visible  and 
x-ray  plasma  emission  as  well  as  lasers  for  the  formation  of  holograms  and  backlighting. 

Open  Shutter  Camera 

Our  open  shutter  view  camera  diagnostic,  which  was  employed  on  many  shots,  consisted 
of  a  camera  loaded  with  Polaroid  film  that  was  focused  on  the  load  region.  Before  a  shot,  the 
shutter  was  opened  manually.  It  was  then  closed  after  the  shot.  Typically  neutral  density 
filters  were  required  to  obtain  an  image  that  was  not  overexposed,  the  nd  range  was  2.0. 
These  photos  give  use  the  time  integrated  optica!  emission  from  the  load. 

X-ray  Pinhole  Camera 

This  camera  is  the  x-ray  counterpart  to  the  open  shutter  view  camera.  It  was  operated  in 
an  identical  manner;  the  only  major  difference  between  the  two  devices  was  that  we  used  a 
pinhole,  most  often  30  /inn  in  diameter,  to  image  the  load  onto  the  film  directly.  The  photos 
obtained  from  this  camera  give  us  the  time  integrated  x-ray  emission  through  various  filter 
arrangements.  Most  often  this  diagnostic  was  used  as  a  monitor  and  0.5  /xin  Parylene  filters 
were  place  directly  in  front  of  the  pinhole.  The  camera  was  typically  loaded  with  Kodak 
DEF  x-ray  film. 
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3.2.3  Gated  MicroChannel  Plate  Framing  Camera. 

This  camera,  a  Pulsed  Imaging  Products  model  GMPFC-1,  was  used  to  image  x-radiation 
from  the  load.  It  was  commonly  referred  to  as  the  “PIP”,  and  detailed  descriptions  of  its 
operation  have  been  published. [25]  The  device  contained  seven  independent  striplines  which 
are  sensitive  to  x-radiation  and  are  activated  by  applying  a  voltage  in  the  8  kV  range.  An 
array  of  seven  pinholes  was  aligned  with  the  striplines  so  each  stripline  saw  the  load  through 
one  pinhole  thus  minimizing  crosstalk.  Filters  were  placed  in  front  of  the  pinhole  array 
to  remove  visible  light  and  discriminate  the  x-radiation.  The  diameter  of  each  pinhole  was 
50  pm.  The  width  of  the  voltage  pulse  to  each  stripline  determined  the  framing  speed,  which 
could  be  less  than  a  nanosecond,  and  the  arrival  of  the  voltage  pulse  determined  its  timing, 
lhe  actual  control  of  the  voltage  pulse  width,  as  well  as  the  arrival  of  the  voltage  pulse  at 
the  stripline,  were  set  by  varying  the  length  of  the  appropriate  transmission  line.  In  practice 
this  meant  changing  the  physical  length  of  RG-58  cables.  Due  to  dispersion  and  attenuation 
in  the  cable  an  upper  limit  on  delay  times  was  50  ns  between  striplines,  or  about  33  feet  of 
cable. 

The  two  most  common  arrangements  when  using  the  PIP  were  sequential  gating  of 
striplines  to  obtain  a  seven  frame  time  history  of  the  x-ray  emission,  and  simultaneous 
gating  of  striplines  with  a  differential  filtering  scheme  for  the  pinholes.  An  example  of  a 
sequential  gating  scheme  would  be  to  set  the  frame  duration  for  each  stripline  at  10  ns  and 
set  the  delay  between  adjacent  striplines  at  25  ns.  Therefore,  in  this  case,  the  seven  pic¬ 
ture  sequence  would  span  a  total  of  220  ns.  Simultaneous  gating  simply  means  that  all  the 
striplines  come  on  at  the  same  time  for  the  same  duration.  This  is  particularly  useful  if  the 
pinholes  contain  different  types  of  filters.  In  those  cases  we  determined  where  the  low  and 
high  energy  x-rays  were  emitted  on  a  particular  shot  at  a  particular  time. 

Interferometry 

In  most  cases  interferometric  measurements  were  performed  on  the  plasma  by  creating 
double  exposure  holograms  with  the  YAG  or  ruby  lasers.  These  lasers  were  set  up  in  a  Macli- 
Zelmder  arrangement  as  shown  in  Figure  3-11.  These  techniques  for  plasmas  have  become  a 
standard  diagnostic  tool. [26]  Additional  interferometric  measurements  were  also  made  with 
a  dye  laser  in  a  conventional  Mach-Zelmder  arrangement.  The  dye  laser  arrangement  is  also 
shown  in  Figure  3-11. 

The  interferometric  analysis  requires  that  two  holograms  be  exposed  on  the  same  piece 
of  film.  One  of  the  holograms  contains  the  phase  distortion  due  to  the  plasma  plus  that  due 
to  the  optical  components,  this  is  analogous  to  the  scene  arm  of  a  conventional  interferom- 
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Figure  3-11.  Schematic  experimental  arrangements  of  optical  components  for  the  dye  laser 
interferometer  and  the  holography  system  using  the  ruby  or  YAG  lasers.  The 
lens  LI  in  either  configuration  corrects  for  plasma  refractive  effects. 


27 


eter.  The  other  exposure  is  simply  taken  with  plasma  absent,  which  is  the  analogue  to  the 
reference  arm,  and  it  contains  only  the  phase  distortion  due  to  the  optical  components  of 
the  holographic  system.  During  reconstruction  the  two  images  interfere  with  one  another 
and  a  fringe  pattern  is  observed.  The  fringe  pattern  is  interpreted  in  the  same  fashion  as  in 
conventional  interferometry.  Assuming  that  the  optical  components  do  not  move  between 
exposures,  the  fringe  pattern  in  double  exposure  holography  is  due  only  to  the  phase  dis¬ 
tortion  introduced  by  the  plasma  since  the  optical  component  distortion  is  present  on  both 
exposures.  Typically  a  small  angular  difference  in  the  reference  beam  is  introduced  between 
exposures  so  a  pattern  of  straight  line  background  fringes  is  observed  without  the  presence 
of  plasma.  It  is  the  distortion  of  the  background  fringe  pattern  which  can  be  related  the  the 
index  of  refraction  of  the  plasma,  and  ultimately  the  plasma  electron  density. 

A  conventional  Mach-Zohuder  interferometer  was  also  used  with  the  dye  laser.  For  this 
set  up,  higher  grade  optical  components  were  required  since  the  observed  fringe  pattern  will 
reflect  distortions  of  these  components.  Due  to  the  long  pulse  width  of  the  dye  laser,  250  ns, 
the  interference  pattern  was  recorded  through  a  20  ns  framing  camera.  If  an  open  shutter 
camera  was  used,  dynamic  changes  in  the  plasma  during  the  250  ns  pulse  width  would  smear 
the  interference  pattern.  Therefore,  witli  our  set  up,  the  scene  and  reference  beams  were 
set  to  interfere  at  the  last  beam  splitter  and  this  pattern  was  imaged  with  a  lens  onto  the 
Kentech  camera.  The  output  from  the  camera  was  recorded  directly  on  film. 

The  analysis  of  interferograms  of  this  type  is  standard  practice  and  details  are  available 
from  many  sources. [27]  A  relationship  between  the  fringe  distortion  on  the  interferogram  and 
the  line  integrated  electron  density  is  obtained  as  follows.  The  plasma  electrons  increase  the 
phase  velocity  of  the  laser  light,  Vph,  according  to 


V„h 


c 

~  Wp/Wo],/2  ’ 


(3.1) 


where  c  is  the  velocity  of  light,  u0  is  the  laser  frequency,  and  uv  is  the  plasma  frequency 
which  depends  on  the  plasma  density.  The  accumulated  phase  difference  due  to  the  plasma 
will  be 

'J'  = 

where  the  integral  is  taken  over  the  path  of  the  laser  through  the  plasma.  One  fringe  shift 
will  correspond  to  an  accumulated  phase  difference  of  2rr.  Considering  only  effects  due  to 
electrons,  which  is  a  very  good  approximation,  the  above  integral  can  be  solved  to  yield  the 
line  integrated  electron  density  required  for  one  shift, 
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where  the  above  result  was  obtained  using  the  ruby  laser  frequency.  The  corresponding 
numbers  for  the  YAG  and  dye  laser  frequencies  are  4.2  x  1017  and  3.8  x  10i7  electrons/cm2 
respectively. 

It  should  be  pointed  out  that  the  holographic  set  up  shown  in  Figure  3-11  has  a  lens,  LI, 
which  is  adjusted  to  focus  the  plasma  onto  the  film.  The  purpose  of  this  lens  is  to  correci 
for  the  refractive  bending  of  the  laser  light  by  the  plasma.  If  collimated  light  is  used  and 
refractive  bending  was  absent,  there  would  be  a  correspondence  between  the  position  of  a 
light  ray  on  the  film  and  its  position  in  the  plasma.  This  correspondence  is  necessary  so  the 
interferometric  information  can  be  inverted  and  the  electron  density  as  a  function  of  position 
determined.  Since  the  plasma  is  essentially  a  defocusing  element,  light  rays  are  bent  from 
there  normal  trajectories  and  the  lens  is  required  to  restore  correspondence  between  film 
position  and  position  in  the  plasma. 

Due  to  the  fact  that  the  plasma  has  cylindrical  symmetry  and  the  laser  path  is  perpen¬ 
dicular  to  the  2-axis  of  the  pinch,  the  information  obtained  from  the  interferograms  must 
be  Abel  inverted  to  obtain  the  electron  density  as  a  function  of  the  radial  coordinate  ?\[28] 
Examples  of  the  results  from  these  inversions  will  be  shown  in  latter  sections. 


Absorptiongrams  and  Shadowgrams 

Both  streaked  and  framed  absorption/shadowgrams  were  routinely  made  of  various  types 
of  plasma  discharges.  Two  distinct  modes  of  operation  were  used,  streaked  and  framed.  The 
framed  mode  is  conceptually  very  simple.  These  were  created  using  the  pulled  ruby  or  YAG 
laser  by  cither  taking  a  single  exposure  hologram  or  removing  the  reference  arm  from  a 
double  exposure  hologram.  The  streaked  mode  required  the  use  of  the  longer  pulsed  dye 
laser  and  the  Kentech  camera. 

Examples  of  framed  absorpiicngrams  will  be  shown  in  later  sections.  Essentially  a  2- 
D  picture  of  the  plasma  is  taken  with  a  short  pulsed  laser,  either  the  ruby  or  YAG.  The 
holographic  experimental  set  up  was  used  to  create  these  pictures.  Since  the  refractive  effects 
of  the  plasma  are  corrected  for  by  the  imaging  lens  as  explained  in  the  previous  section,  the 
absorption  effects  are  recorded.  A  single  exposure  hologram  will  accomplish  this  anu  many 
of  these  were  taken.  But,  it  was  possible  to  obtain  the  same  information  from  a  double 
exposure  hologram  and  block  out  the  second  oposure  during  reconstruction.  The  procedure 
for  this  was  the  following.  Upon  reconstruction,  the  virtual  image  contracts  to  a  very  small 
spot,  and  then  expands  as  the  observer  moves  away  from  the  hologram  plane.  Provided  that 
the  angle  between  exposures  during  construction  was  large  enough,  the  spot  can  actually  be 
resolved  into  two  spots  with  each  spot  corresponding  to  one  of  the  exposures.  The  no  plasma 
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exposure  can  be  removed  simply  by  placing  a  knife  edge  at  the  focus  of  the  appropriate  spot 
thus  blocking  this  image  and  preventing  the  two  from  interfering.  Therefore,  the  expanded 
image  after  the  knife  edg«*  is  the  single  exposure  hologram  of  the  plasma. 
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Figure  3-12.  Experimental  arrangement  of  optical  components  used  to  take  streaked  ab- 
sorptiongrams  or  shadowgrams. 


When  using  the  streak  camera  and  the  dye  laser  for  backlighting  both  absorptiongrams 
and  shadowgrams  were  taken.  The  experimental  set  up  for  this  is  shown  in  Figure  3-12.  The 
information  obtained  from  the  streaked  absorptiongram  is  the  same  as  that  from  the  framed 
absorptiongram  except  one  spatial  dimension  is  replaced  by  time.  With  the  slit  shown  in 
Figure  3-12  oriented  perpendicular  the  z-axis  of  the  pinch,  the  streak  gives  us  the  absorbing 
radius  as  a  function  of  time.  Of  course  the  direction  of  time  is  also  perpendicular  to  the  slit. 

A  shadowgram  is  obtained  by  inserting  a  pinhole  into  the  set  up  as  shown  in  Figure  3-12. 
This  effectively  removes  some  of  the  refracted  rays  from  the  laser  beam  which  would  normally 
be  captured  by  the  lens  and  recorded.  Thus,  we  can  introduce  a  shadowing  effect  to  varying 
degrees  by  changing  the  size  of  the  said  pinhole.  Pinhole  sizes  ranged  from  2  to  8  mm. 
Off  course  with  this  set  up  absorption  and/or  emission  effects  would  still  be  present.  It 
should  be  noted  that  a  shadowgram  could  also  be  obtained  by  removing  the  lens  completely 
since  collimated  light  was  used.  However,  when  that  was  tried  the  refractive  effects  were  so 
overwhelming  that  the  streaks  were  essentially  unintelligible.  Many  examples  of  streaks  will 
be  shown  in  later  sections. 

3.2.4  Spectral  Diagnostics. 

By  spectral  diagnostics  we  essentially  mean  measurements  which  shed  light  on  the  spec¬ 
tral  distribution  of  emission  from  the  plasma.  Crudely  speaking,  filtered  x-ray  diodes  and 
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photoconducting  diodes  fall  into  this  category  as  well  as  visible  light  spectroscopic  measure¬ 
ments  that  were  performed  on  the  preconditioned  plasmas. 

Photoconducting  Diodes 

The  time  resolved  x-ray  emission  from  the  plasma  was  routinely  measured  with  either 
photoconducting  diodes  (PCDs)  or  x-ray  diodes.  Detailed  documentation  on  the  operation 
and/or  construction  of  these  devices  have  been  reported  in  the  literature.  [29,  30]  The  ma¬ 
jority  of  our  measurements  used  PCDs  composed  of  intrinsic  gallium  arsenide  or  chromium- 
doped  gallium  arsenide  (GAD).  The  advantage  of  these  devices  was  their  fast  time  response, 
relatively  flat  spectral  response  over  a  wide  range  of  photon  energies,  and  the  fact  that  they 
essentially  do  not  saturate  which  is  a  common  problem  with  XRDs. 


Figure  3-13.  Set  up  of  a  photoconducting  diode  in  the  experiment.  The  combination  of 
two  3/8”  apertures  and  a  slit  assured  that  the  detected  signal  was  due  to  load 
radiation. 

The  physical  set  up  of  these  devices  is  shown  in  Figure  3-13.  The  detector  was  mounted 
inside  a  N-type  connector  which  was  fed  directly  into  the  vacuum  system.  Great  care  was 
taken  to  assure  that  the  detected  signals  were  coming  from  load  radiation.  Therefore,  as 
illustrated  in  Figure  3-13,  each  PCD  was  mounted  on  extension  tubes  that  contained  a  series 
of  baffles  and  an  aperture  directly  aligned  with  the  PCD  and  the  load.  The  noerture  assured 
us  that  the  direct  line  of  sight  contained  only  the  load  region  and  not  the  electrodes  near 
the  load.  The  aperture  size  as  well  as  its  position  could  be  varied  so  as  to  view  varying 
lengths  or  sections  of  the  load.  The  baffle  system  was  put  into  place  to  guard  against  small 
angle  reflections  of  the  electrode  radiation  which  could  make  it  to  the  detector.  As  many 
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as  three  individual  detector  stems  could  be  mounted  on  the  system  simultaneously  although 
routinely  only  one  was  monitored. 

The  filter  arrangement  system  could  also  be  varied.  Typically  a  0.2  or  0.5  /im  Parylene 
filter  was  always  mounted  directly  in  front  the  the  PCD  or  XRD  on  the  N-type  connector. 
Additionally,  at  some  point  downstream  a  series  of  flags  with  various  filters  mounted  to 
them  could  be  placed  in  the  detector  line  of  sight.  This  set  up  allowed  us  to  vary  the  filter 
arrangement  without  opening  the  vacuum  system. 

Spectroscopic  Diagnostics 

Spectroscopic  measurements  of  emission  from  the  preconditioner  discharge  were  made 
with  a  SPEX  Model  1401  spectrometer  used  as  a  0.75  m  spectrometer.  The  light  was 
collected  from  the  load  region  which  was  then  focused  into  a  400  /xm  diameter  UV  optical 
fiber.  The  fiber  transmitted  the  light  into  the  shielded  room  and  illuminated  the  input  slit  of 
the  spectrometer.  A  gated  spectrum  was  obtained  with  an  EG&G  PAR  Model  1456  optical 
multichannel  analyzer  (OMA).  This  detector  was  located  in  the  output  focal  plane  of  the 
spectrometer.  The  detector  gate  duration  ranged  from  100  ns  to  10  ps  for  pulsed  shots  and 
was  continuous  for  calibration  and  focussing.  The  reciprocal  dispersion  in  the  wavelength 
range  investigated  was  approximately  0.28  A/pixel.  Each  pixel  is  25  /xm  wide. 

Time  resolved  measurements  of  line  intensities  were  achieved  using  the  same  input  optics 
and  optical  fiber  to  illuminate  the  input  of  a  Heath  0.25  meter  monochromator.  A  PMT 
placed  at  the  output  slit  recorded  the  time  history  of  the  line  for  which  the  monochromator 
was  set. 

3.2.5  Miscellaneous  Diagnostics. 

Magnetic  Pick  Up  Loops 

Magnetic  pickup  loops  were  employed  to  measure  the  current  flowing  into  load  as  well 
as  the  machine  current.  The  outputs  of  these  loops  were  recorded  as  raw  signals  and  then 
integrated  numerically  to  obtain  the  current  as  a  function  of  time.  They  were  all  single  turn 
loops  which  have  very  good  frequency  response  with  rise  times  in  the  nanosecond  range. 

Three  main  locations  for  these  loops  were  typically  employed  as  illustrated  in  Figure 
3-5(b),  which  shows  the  Electrode  IV  system.  The  loop  located  near  the  acrylic  insulator 
interface  in  the  SF6  insulating  gas  was  referred  to  as  the  machine  B-dot.  The  integrated 
signals  from  this  loop  indicate  the  current  flowing  past  the  interface  and  we  commonly 
referred  to  this  as  the  machine  current.  This  loop  was  was  attenuated  by  20  dB  into  50  H. 


The  signals  from  the  two  loops  located  near  the  top  in  Figure  3-5(b)  reflect  the  current 
flowing  into  the  load,  there  were  also  attenuated  by  20  dB  and  terminated  into  50  ft.  The 
loop  located  inside  the  return  current  cage  could  only  be  used  reliably  with  short  circuit 
loads  where  plasma  was  not  formed.  During  aluminum  wire  load  shots  or  carbon  fiber  shots, 
radiation  and/or  plasma  disturbed  the  operation  of  this  probe  quite  eariy  into  the  current 
pulse.  Therefore,  for  these  types  of  loads  the  current  was  obtained  using  the  probe  located 
outside  the  return  current  cage.  This  loop  was  positioned  behind  a  post  adjacent  to  a  view 
window  which  was  used  to  observe  the  plasma.  With  this  arrangement  there  was  no  direct 
line  of  sight  from  the  pick  up  loop  to  the  load.  The  signal  is  obtained  from  flux  which  escapes 
through  the  window  and  is  picked  up  by  the  loop.  This  loop  would  give  us  a  reliable  reading 
for  at  least  the  rise  time  of  the  machine  current. 

The  loops  were  calibrated  against  a  T&M  Research  Products  Inc.  model  CT6. 5-685- 
5-100  current  transformer  with  a  sensitivity  of  10  kA/volt.  During  the  calibration  shots 
the  current  transformer  was  placed  in  the  system  so  that  it  would  read  the  current  flowing 
through  a  shorted  load.  All  the  probes  were  then  calibrated  against  this  signal. 

Debris  Collection 

Debris  ejected  from  the  load  region  was  collected  on  0.5  inch  square  quartz  substrates 
placed  at  various  radial  distances  from  the  load.  These  substrates  typically  collected  the 
debris  from  5  to  20  successive  shots. 

The  collectors  were  analyzed  using  a  scanning  electron  microscope  (SEM)  to  locate  and 
determine  the  size  and  shape  of  collected  particulates.  Additionally,  during  SEM  operation, 
x-ray  fluorescence  emitted  from  the  sample  was  analyzed  with  an  energy  dispersive  detector 
to  determine  the  chemical  composition  of  the  particles. 
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SECTION  4 

EXPERIMENTAL  RESULTS 


This  chapter  is  divided  into  four  main  sections.  Results  from  exploded  carbon  fibers, 
single  aluminum  wires,  double  aluminum  wires,  and  arrays  of  layered  magnesium  on  alu¬ 
minum  wires.  The  purpose  of  this  chapter  is  not  to  analyze  or  draw  conclusion  about  these 
measurements,  however,  it  is  meant  as  a  presentation  of  the  raw  data  which  is  a  fair  repre¬ 
sentation  of  a  large  quantity  of  measurements  that  were  performed.  The  subject  of  analysis 
is  left  to  discussion  in  the  next  chapter. 

4.1  MEASUREMENTS  OF  EXPLODED  CARBON  FIBERS. 

In  this  section  we  will  describe  the  general  features  of  the  exploded  carbon  fibers  that 
were  used  during  the  course  of  this  project.  A  variety  of  fiber  types  were  tried  with  di¬ 
ameters  ranging  from  10  to  33  pm  and  variations  in  resistivity  from  14  to  2.5  p£l-cm.  No 
significant  differences  were  observed  with  our  diagnostics  from  among  these  types  of  carbon 
fibers.  Therefore,  the  figures  included  in  this  section  pertain  to  33  pm,  14  pCl- cm  fibers 
simply  because  we  have  the  largest  data  base  using  this  type.  However,  the  observations  ob¬ 
tained  with  these  loads,  using  our  array  of  optical  and  x-ray  diagnostics,  differed  drastically 
from  those  usiug  aluminum  wires,  which  will  be  reported  in  the  next  section.  The  carbon 
fibers  showed  the  persistence  of  a  solid,  or  very  dense  neutral  core,  surrounded  by  a  corona 
type  plasma  that  was  apparently  carrying  the  current.  At  lower  machine  voltages,  cur  di¬ 
agnostics  clearly  showed  solid  mass  even  though  the  machine  current  should  have  vaporized 
the  carbon  if  it  was  flowing  through  the  load.  This  lead  us  to  conclude  that  the  bulk  of 
the  carbon  mass  was  never  vaporized  and  that  only  a  small  fraction  of  the  mass  actually 
carried  the  machine  current.  Virtually  every  imaging  diagnostic  used  during  the  course  of 
this  experiment  corroborated  this  conclusion. 

Most  of  the  carbon  load  shots  were  taken  with  electrode  systems  II,  III,  and  IV.  No 
carbon  fibers  were  exploded  using  the  opening  switch.  The  measurements  obtained  using 
these  two  electrode  systems  were  essentially  identical  despite  the  differences  in  the  current 
rise  time  and  load  length.  For  Electrode  II  the  current  rise  time  was  1.3  ps  with  a  2  cm 
length  load  and  for  Electrodes  III  and  IV  these  numbers  were  1.8  ps  and  1  cm,  respectively. 
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Figure  4-1.  A  signal  obtained  on  a  GAD  detector  with  a  33  pm  carbon  fiber,  the  load 
current  is  also  displayed.  The  shot  used  Electrode  IV.  the  charging  voltage 
was  40  kV,  and  the  diode  filter  was  a  0.2  pm  Parylene  foil  coated  with  800  Aof 
aluminum. 


4.1.1  X-ray  Measurements. 

Time  resolved  x-ray  measurements  were  routinely  made  using  photoconducting  diodes 
(PCD),  x-ray  diodes  (XRD),  and  gallium-arsenide  diodes  (GAD).  These  served  as  a  general 
monitor  of  the  shot  and  to  determine  the  type  of  radiation  being  emitted.  When  the  GAD 
detectors  became  available  they  were  used  almost  exclusively  since  they  essentially  do  not 
saturate.  Filters  were  typically  employed  to  block  optical  radiation  while  allowing  various 
ranges  of  soft  and  hard  x-ray  to  be  detected.  An  aperture  system  was  also  set  up  for  these 
detectors  so  various  axial  lengths  in  the  load  region  could  be  viewed.  Two  or  three,  usually 
GADs,  were  normally  present  on  the  machine  for  each  shot.  Generally,  hard  x-rays  were 
emitted  from  the  electrodes  but  not  in  the  body  of  the  load.  This  was  determined  by  using  a 
10  pm  aluminum  filter  to  block  everything  but  the  harder  radiation.  With  this  filter,  signals 
were  observed  on  the  detectors  that  viewed  the  electrodes  but  no  signal  was  observed  on 
those  that  viewed  the  load.  The  apertured  detectors  which  viewed  the  load  typically  showed 
signals  which  exhibited  a  multiple  peak  structure.  Filters  used  for  these  measurements  were 
combinations  of  0.2  &  0.5  pm  Parylene,  Kapton,  and  Kimfoils.  Generally,  it  can  be  stated 
that  as  the  number  of  filters  increased  the  observed  peaks  became  narrower  in  time  and 
smaller  in  magnitude.  A  typical  signal  obtained  with  a  GAD  detector  through  a  0.2  pm 
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Parylene  filter  is  shov/n  in  Figure  4-1.  The  observation  of  multiple  peaks  as  displayed  in  the 
figure  was  common,  however,  the  timings  of  these  peaks  were  not  consistent.  Frequently,  as 
in  this  case,  the  largest  peak  roughly  occurs  at  the  same  time  as  the  dip  observed  in  the  load 
current  signal. 

4.1.2  Observations  with  Imaging  Dianostics. 

The  results  from  open  shutter  cameras,  which  are  time  integrating,  are  shown  in  Figure 
4-2.  These  were  both  taken  with  33  /r m  carbon  fibers.  Part  (a),  which  is  an  x-ray  pinhole 
camera,  was  taken  through  a  30  /mi  pinhole  and  a  0.5  //,m  Parylene  filter  using  Electrode 
IV.  For  this  shot  the  system  was  charged  to  35  kV.  The  photo  exhibits  emission  confined  to 
a  very  narrow  region  for  the  bulk  of  the  load  with  the  brightest  and  broadest  emission  at 
the  cathode  tip.  Close  examination  of  this  photo  also  shows  a  very  thin  black  line  through 
the  center  of  the  exposed  area.  In  some  of  the  more  overexposed  areas  this  line  is  masked 
out,  but,  a  essentially  continuous  line  is  can  be  inferred.  An  open  shutter  optical  camera 
result  is  shown  in  part  (b)  for  a  25  kV  shot  using  Electrode  II,  these  pictures  were  taken 
with  neutral  density  filters.  The  emission  is  confined  to  a  very  narrow  region,  in  contrast  to 
similar  pictures  taken  with  aluminum  loads,  with  more  significant  emission  at  the  cathode. 


(a)  x-ray  camera  (b)  optical  camera 


Figure  4-2.  Photos  of  a  33  /mi  carbon  fiber  pinch  with  open  shutter  cameras  for,  (a), 
a  0.5  /an  Parylene  filter  x-ray  pinhole  camera  at  35  kV  and,  (b),  a  neutral 
density  filtered  optical  camera  at  25  kV. 


Additional  imaging  diagnostics  are  shown  in  Figure  4-3.  These  photos  are  double  expo¬ 
sure  holographic  interferograms  taken  with  the  short  pulsed  YAG  laser.  They  were  shot  on 
separate  40  kV  main  bank  discharges  using  Electrode  IV.  Parts  (a),  (l> ) ,  and  (c)  correspond 
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Figure  4-3.  Reconstructions  of  double  exposure  holograms  using  the  short  pulse  YA(!  laser 
on  40  k V  shots  with  33  /tin  carbon  fibers.  Farts  (a),  (b),  and  (c)  wore  taken 
265,  350,  and  460  ns  after  the  start  of  current,  respectively. 


Figure  4-4.  An  example  of  a  streaked  shadowgram  obtained  with  a  33  //in  carbon  fiber 
The  streak  duration  is  300  ns  and  it  begins  275  ns  into  the  current  pulse 
Time  advances  from  left  to  right. 


to  exposures  at  265,  350,  and  460  ns  into  the  current  pulse,  respective!}'.  These  pictures 
show  a  very  well  localized  core  where  laser  light  has  been  blocked  and  the  fringes  cannot  be 
followed  through.  The  fringes  are  also  very  abruptly  cut  off  indicating  a  very  sharp  density 
gradient  of  electrons.  Using  this  diagnostic,  it  is  very  difficult  to  determine  the  status  of  the 
central  region.  We  can  say,  however,  where  the  plasma  density  begins. 

Figure  4-4  is  an  example  of  a  streaked  shadowgram  .also  obtained  with  a  33  yxm  carbon 
fiber.  For  this  shot  the  main  bank  was  charged  to  30  kV  using  Electrode  III.  The  streak 
duration  was  300  ns  and  began  260  ns  into  the  current  pulse.  There  is  therefore  an  overlap 
temporally  with  two  of  the  holograms  in  Figure  4-3,  although  it  is  noted  that  the  streaked 
shadowgram  was  taken  with  at  a  slightly  lower  charging  voltage,  The  photo  shown  in  Figure 
4-4  is  typical  in  that  a  significant  expansion  of  the  bulk  fiber  was  never  observed.  This  is 
in  direct  contrast  to  the  aluminum  load  shots  which  are  presented  in  the  next  section.  The 
carbon  shadowgrams  do  show  “streamers",  or  thin  refractive  shells,  which  appear  to  expand 
radially  or  implode  onto  the  fiber.  This  was  observed  on  essentially  all  of  the  streaks,  however, 
the  occurrence  of  these  streamers  was  completely  random  and  sometimes  not  symmetric. 


(a)  before  discharge  (b)  1.3  (is  after  discharge 

Figure  4-5.  Interferograms  taken  before  (a)  and  1.3  jis  after  (b)  a  15  kV  discharge  with  a 
33  fim  carbon  fiber. 

Finally,  in  Figure  4-5,  we  show  an  example  of  what  happens  to  the  carbon  fiber  at  low 
voltage.  This  figure  shows  two  framed  interferograms  taken  with  a  dye  laser  and  a  framing 
camera.  One  interferogram  was  taken  before  the  discharge  of  tlu:  bank  and  the  other  (part 
(b))  1.3  ;rs  after  the  start  of  current.  These  were  obtained  using  Electrode  III  for  a  charging 


voltage  of  15  kV.  By  comparing  parts  (a)  and  (b),  one  can  see  that  the  fiber  has  essentially 
not  expanded  1.2  /ts  into  the  discharge  when  there  was  60  kA  flowing  in  the  load.  Some  slight 
bending  of  fringes  is  observed  near  the  cathode  indicating  plasma  in  that  region.  Other  shots 
taken  during  the  low  voltage  runs  showed  the  fiber  actually  breaking  at  later  times.  This 
is  strong  evidence  that  the  machine  current  never  flowed  through  the  body  of  the  carbon 
fiber,  but,  through  a  path  around  the  outside.  Thus,  a  coronal  plasma  is  observed  without 
expansion  of  the  fiber  itself. 

4.2  MEASUREMENTS  OF  SINGLE  AL  WIRE  EXPLOSIONS. 

A  significant  amount  of  data  was  taken  on  discharges  with  loads  consisting  of  single 
25  fin l  aluminum  wires.  The  single  wire  explosions  that  were  studied  fall  into  four  major 
categories;  (1)  those  involving  a  direct  discharge  of  the  main  bank,  (21  those  using  the  POS, 
(3)  those  using  a  preconditioner  discharge  only,  and  (4)  those  involving  a  combination  of 
the  preconditioner  and  a  main  bank  discharge.  The  preconditioner  was  used  to  study  the 
effects  of  altering  the  initial  conditions  and  the  POS  to  investigate  the  effects  of  changes  in 
the  current  rise  time.  These  measurements  will  be  described  in  the  following  sections.  Most 
of  the  main  bank  aluminum  wire  load  shots  that  will  be  reported  used  Electrode  IV  and 
all  of  the  shots  involving  either  the  preconditioner,  or  the  POS,  also  used  the  Electrode  IV 
configuration. 

4.2.1  Measurements  of  Main  Bank  Discharges. 

X-ray  Measurements 

As  v'ilh  carbon  fiber  loads,  time  resolved  x-ray  measurements  were  routinely  made  with 
GAD  detectors.  Figure  4-6  shows  an  example  of  one  such  a  measurement  taken  on  a  40  kV 
shot  along  with  the  load  current.  In  this  cose  the  GAD  was  filtered  with  a  0.5  /am  Parylene 
filter.  As  was  the  case  with  carbon  fiber  loads,  these  measurements  were  inconsistent  with 
regard  to  signal  magnitude  and  temporal  location,  but,  the  inductive  dip  in  the  load  current 
close  to  peaks  in  the  GAD  signal  was  a  consistent  feature. 

Observations  with  Imaging  Diagnostics 

Figure  4-7  shows  two  of  our  standard  time  integrating  imaging  diagnostics  with  a  single 
25  fivn  aluminum  wire  loads,  in  both  these  photos  the  load  length  was  2  cm.  Part  (a)  is  a 
photo  from  a  x-ray  pinhole  camera,  with  a  30  ^m  pinhole,  filtered  with  a  0.5  /nn  Parylene 
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Figure  4-6.  A  signal  obtained  on  a  GAD  detector  with  a  25  pr n  aluminum  wire,  the  load 
current  is  also  displayed.  The  shot  used  Electrode  IV,  the  charging  voltage 
was  40  kV,  and  the  diode  filter  was  a  0.5  /mi  Parylcne  foil  coated  with  800  Aof 
aluminum. 
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Figure  4-7.  Photos  of  a  25  pm  aluminum  wire  explosions  with  open  shutter  cameras  for, 
(a),  a  0.5  pm  Parylene  filtered  x-ray  pinhole  camera  at  35  kV  and,  (b),  a 
neutral  density  filtered  optical  camera  at  25  kV. 


filter.  The  charging  voltage  was  35  kV.  This  shot  is  quite  different  from  the  x-ray  pinhole 
camera  shots  taken  with  carbon,  it  shows  well  defined  regions  of  high  emission,  or  “hot 
spots”,  typical  of  many  of  the  A1  wire  load  shots.  This  effect  was  much  more  pronounced 
than  with  the  carbon  fibers.  The  open  shutter  optical  camera  picture  taken  at  25  kV,  shown 
in  part  (b),  is  also  quite  different  compared  to  its  carbon  counterpart,  The  emission  channel 
is  observed  to  extend  more  radially  than  those  taken  with  the  carbon  fibers. 


Figure  4-8.  An  example  of  a  streaked  absorptiongram  obtained  with  a  25  /mi  aluminum 
wire.  The  streak  duration  is  300  ns  and  it  begins  a  few  ns  before  the  current 
pulse.  Arrows  marked  ic  and  i j  indicate  an  imploding  compression  wave  and 
shock  front  respectively.  Arrows  marked  er  and  v,j  indicate  the  corresponding 
expanding  quantities.  Microdensitometor  scans  of  the  absorptiongram  were 
made  at  times  tj,  t-j,  and  t3. 


Figure  4-8  shows  a  streaked  absorptiongram  where  the  streak  duration  was  300  ns,  the 
charging  voltage  40  kV,  and  the  load  length  1  cm.  This  is  once  again  very  different  from  the 
results  obtained  with  carbon.  For  these  loads  an  absorbing  region  is  observed  to  initially  ex¬ 
pand  at  about  0.5  cm/fis.  After  this  initial  expansion  the,  a  leveling  off  or  radial  contraction 
of  the  absorbing  region  was  typically  observed.  Many  of  these  streaks  were  recorded,  and 
common  to  many  of  them  was  a  structure  interior  to  the  load,  as  observed  in  this  example, 
during  the  expansion  phase.  This  structure,  which  consists  of  radially  alternating  light  and 
dark  regions,  was  usually  present  for  the  first  100  ns  of  the  streak.  This  radial  modulation 
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in  the  absorption  will  be  discussed  in  latter  sections.  Also  common  to  many  of  these  streaks 
were  the  observation  of  thin  refractive  shell  cither  expanding  or  imploding  radially. 

A  gated  x-ray  pinhole  camera  was  also  used  to  monitor  the  performance  of  the  machine 
during  operation.  The  emission  during  a  150  ns  interval  of  the  current  pulse  was  studied  by 
delaying  the  gating  of  adjacent  striplines  by  25  ns.  Emission  characteristics  at  different  times 
in  the  1.5  fis  rise  time  of  the  current  pulse  were  obtained  by  appropriately  delaying  the  first 
stripl'ne.  The  striplines  also  could  be  gated  for  simultaneous  observation  and  differentially 
filtered.  Figure  4-9  shows  the  result  of  a  measurement  where  one  stripline  was  filtered  with 
a  5  /xm  Kimfoil  and  the  other  with  a  8  jim  Kapton  foil.  These  were  obtained  from  a  40  kV 
discharge  where  the  load  length  was  1  cm  and  the  camera  was  on  from  400  to  600  ns  after  the 
start  of  current  flow.  One  can  see  that  the  higher  energy  x-rays  which  make  it  through  the 
Kapton  filter,  are  emitted  from  very  discrete  axial  locations  while  the  lower  energy  emission 
is  quite  broad  spa.tia.lly.  It  should  also  be  pointed  out  that  detection  through  the  Kapton 
filter  was  never  observed  outside  the  400  to  COO  ns  range  as  measured  from  the  start  of  the 
load  current. 

Many  double  exposure  holographic  interferograms  were  taken  of  the  wire  explosions  using 
either  the  Ruby  laser  or  the  YAG  laser.  Doth  of  these  essentially  provided  snap  shots  of  the 
2-1)  election  density  at  the  time  of  the  laser  discharge.  In  addition,  during  reconstruction, 
a  snap  shot  shadowgram  could  be  extracted  from  the  double  exposure  hologram  which  was 
essentially  the  same  information  that  would  have  been  obtained  using  a  single  exposure 
hologram.  Figure  4-10  shows  three  interferograms  taken  at  116,  190,  and  294  ns  after  the 
start  of  current  respectively.  These  were  all  obtained  from  different  40  kV  discharges  with 
a  1  cm  gap.  Part  (a)  was  taken  using  the  Ruby  laser  and  parts  (l>)  and  (c)  with  the  YAG 
laser.  Electron  density  information,  which  can  be  obtained  by  counting  fringe  shifts,  will  be 
discussed  in  a  later  section. 

The  general  trends  observed  in  these  interferograms,  which  are  representative  of  the  large 
number  that  were  taken,  are  an  increasing  channel  width  followed  by  an  instability  which  was 
characterized  by  axial  localization  of  the  electron  density.  The  channel  remains  relatively 
straight  and  uniform  during  the  expansion  phase,  parts  (a)  (b),  up  to  about  200  to  250  ns 

into  the  discharge.  After  this  time  the  interferograms  show  an  axial  nonuniformities  which  is 
characterized  by  localized  electron  density  hunches  and  detachment  from  the  cathode.  The 
beginnings  of  this  localization,  as  well  as  the  detachment  from  the  cathode,  are  illustrated 
in  part  (c).  Interferograms  taken  later  in  time,  i.e.  later  than  300  ns,  were  very  complicated 
with  many  fringe  shifts.  They  showed  that  the  axial  bunches  expanded  radially  while  other 
regions  of  the  pinch  did  not. 

This  later  time  behavior  was  better  illustrated  using  the  snap  shot  shadowgram  technique. 
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(a)  Kimtoil  (b)  Kapton 


Figure  4-9.  Results  from  a  differentially  filtered  x-ray  framing  camera  with  an  integration 
time  from  400  to  600  ns  after  the  start  of  current.  Part  (a)  has  a  5  /mi  Kimfoil 
filter  and  (b)  has  an  8  /an  Kapton  filter. 


Figure  4  10.  Reconstructions  of  double  exposure  holograms  using  a  short  pulsed  laser  on 
40  kV  shots  with  25  pm  aluminum  wires.  Parts  (a),  (b),  and  (c)  were  taken 
llfi,  190,  and  204  ns  after  the  start  of  current,  respectively. 
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Figure  4-11  shows  three  shadowgrams  taken  with  the  YAG  laser  at  78,  254,  and  360  ns  into 
the  discharge.  Once  again  these  photos  were  obtained  from  explosions  where  the  main  bank 
was  charged  to  40  kV  and  the  load  length  was  1  cm.  The  same  trends  observed  in  Figure 
4-10  are  observed  here.  The  onset  of  axial  localization  is  shown  in  part  (b)  at  254  ns  and  the 
growth  of  the  instability  resulting  in  a  series  of  radially  constricted  and  expanded  regions 
illustrated  in  part  (c)  at  360  ns. 

4.2.2  Measurements  of  Discharges  with  a  POS. 

The  results  in  this  section  will  be  reported  in  a  slightly  different  manner  from  the  previous 
section.  With  the  exception  of  the  x-ray  pinhole  camera,  all  the  measurements  reported  in 
this  section  were  obtained  on  a  single  shot.  This  allows  one  to  correlate  the  load  current, 
GAD  signal,  streak  absorptiongram,  and  x-ray  framing  camera  sequence. 

A  typical  result  from  the  open  shutter  x-ray  pinhole  camera  with  the  POS  is  shown  in 
Figure  4-12.  The  camera  had  a  30  ^m  pinhole  and  was  filtered  with  a  0.5  fim  Parylene 
filter.  The  photo  shown  here  is  very  similar  to  the  photos  obtained  with  the  main  bank  only. 
The  axial  localized  “hot  spots”  are  still  observed  with  perhaps  a  radially  narrower  emission 
region  compared  to  the  main  bank  only  shots. 

Figure  4-13  shows  the  load  and  generator  currents  for  a  45  kV  aluminum  shot  with  the 
POS.  In  addition  a  signal  obtained  on  the  GAD  defector,  which  viewed  the  load,  is  shown. 
The  seven  dotted  vertical  lines  indicate  the  times  when  a  x-ray  frame  was  taken,  and  the 
streaked  absorption  information  was  gathered  between  the  solid  vertical  lines.  It  can  be 
observed  that  the  load  current  rises  to  its  maximum  in  about  130  ns  producing  an  average  of 
approximately  1  MA//zs  of  current  through  the  load.  This  is  nearly  an  order  of  magnitude 
greater  then  the  value  of  0.2  MA/^s  typically  observed  with  the  main  bank  only.  Some 
similarities  in  the  GAD  signals  exist  such  as  a  dip  in  the  load  current  near  the  detector 
peak.  However,  the  multipeak  nature  of  the  x-ray  detector,  common  to  many  of  the  main 
bank  only  shots,  was  typically  not  observed  with  the  POS. 

Figure  4-14  shows  a  300  ns  streaked  absorptiongram  whose  timing  with  respect  to  the 
load  current  was  indicated  in  Figure  4-13.  That  figure  indicates  that  the  load  current  begins 
approximately  at  the  begining  of  the  streak.  The  very  bright  regions,  which  start  about 
half  way  through  the  streak,  indicate  the  dominance  of  plasma  emission  over  the  dye  laser 
backlight.  One  very  interesting  feature  observed  in  this  streak  which  was  typical,  was  a  slow 
radial  expansion  of  the  absorbing  region  followed  by  a  very  rapid  expansion  and  implosion 
when  the  load  emission  becomes  dominant.  The  rapid  expansion  occurs  approximately  where 
the  load  current  dips. 
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Figure  4-13.  The  generator  current,  load  current,  and  signal  obtained  on  a  GAD  detector 
for  a  POS  shot  at  45  kV  and  a  25  fim  aluminum  wire.  The  diode  filter  was  a 
0.5  /im  Parylene  foil  coated  with  800  Aof  aluminum.  The  dotted  vertical  lines 
indicate  the  timings  of  the  x-ray  framing  camera  and  the  solid  vertical  lines 
indicate  the  duration  of  the  streaked  absorptiongram. 


Figure  4-14.  An  ex  a  streaked  absorptiongram  obtained  with  a  25  aluminum 

wire.  Tlx.  duration  is  300  ns  and  its  duration  is  indicated  in  the  figure 

above.  Time  ..dvances  from  left  to  right. 
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Figure  4-15.  A  sequence  of  seven  x-ray  frames,  the  integration  time  for  each  frame  is  10  ns 
with  the  timings  indicated  by  the  dotted  lines  in  the  figure  at  the  top  of  the 
page.  A  0.5  /xm  Parylene  filter  was  used. 
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The  results  from  a  sequence  of  x-ray  frames  is  shown  in  Figure  4-15.  Each  frame  inte¬ 
grates  over  a  10  ns  period  centered  on  the  vertical  dotted  lines  shown  in  Figure  4-13.  This 
camera  was  filtered  with  a  0.5  |im  Parylene  foil.  One  can  see  that  the  emission  increases  be¬ 
coming  radially  broader  and  more  intense  for  the  first  four  frames.  The  fourth  frame,  which 
corresponds  to  the  peak  in  the  GAD  signal,  apparently  has  the  largest  emission.  These 
photos  also  roughly  correlate  with  the  streak  results  shown  in  Figure  4-14.  The  fifth,  sixth, 
and  seventh  frames  correspond  to  a  period  in  time  when  the  streak  shows  rapid  expansion, 
and  in  these  frames  a  reduction  in  intensity  is  observed. 

4.2.3  Measurements  of  Preconditioning  Discharges. 

The  preconditioning  circuit  attempted  to  heat  the  aluminum  load  to  its  vapor  state 
prior  to  application  of  the  z-pinch  pulse.  A  number  of  diagnostics  were  fielded  to  determine 
the  success  of  this  effort.  Visible  emission  spectra,  interferograms,  and  streaked  absorption 
and  emission  photography  characterized  its  operation.  Additionally,  debris  produced  by  the 
discharge  was  collected  on  quartz  slides  and  analyzed  using  a  SEM.  Most  work  proceeded 
with  the  preconditioner  charged  to  20  kV,  although  some  studies  varied  this  voltage  from  15 
to  40  kV. 


Visible  Emission  Spectra  from  the  Preconditioned  Loads 

The  visible  spectrum  collected  with  a  spectrometer  was  recorded  with  a  gated  optical 
multichannel  analyzer  (OMA).  For  these  shots,  the  OMA  was  gated  “on”  for  220  ns  By 
starting  the  gate  at  successively  later  times  during  the  discharge,  snapshots  of  the  emission 
spectra  are  pieced  together  to  produce  a  time  evolution  of  the  emission.  Six  gated  spectra  in 
the  3900  to  4000  A  range  taken  during  the  preconditioner  discharge  are  shown  in  Figure  4- 
16.  Two  neutral  aluminum  emission  lines  at  3944  and  3961.5  A  dominate  these  spectra,  first 
becoming  discernible  over  the  background  during  the  second  time  interval  in  the  sequence. 
Other  lines  appear  in  some  of  the  early  time  spectra,  but  not  consistently  through  fhe 
discharge.  The  neutral  aluminum  lines  were  verified  by  demonstrating  their  absence  when  a 
carbon  fiber  was  used  in  place  of  the  aluminum. 

Spectra  were  collected  in  other  wavelength  ranges  in  an  attempt  to  detect  Al+  lines,  but 
none  were  found.  This  does  not  imply  that  no  ionization  was  present,  '"’he  two  neutral 
aluminum  lines  that  were  studied  are  strong  ground  state  transitions.  However,  the  AD  ion 
does  not  have  any  ground  state  transitions  in  the  range  of  wavelengths  detectable  with  this 
equipment,  and  those  transitions  that  occur  within  this  range  may  be  too  weak  to  detect. 

The  emission  intensity  of  the  3961.5  A  line  was  measured  as  a  continuous  function  of 


Figure  4-16.  Emission  spectra  from  540  mJ  aluminum  preconditioning  pulses.  Each  spec¬ 
trum  is  collected  over  a  220  ns  gate  period  with  the  times  at  the  left  indicating 
the  delay  between  the  start  of  the  preconditioner  discharge  and  the  start  of 
the  OMA  gate. 
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Figure  4-17.  The  intensity  of  the  3961.5  A  neutral  aluminum  emission  line  versus  time  as 
produced  by  a  540  mJ  aluminum  preconditioning  pulse. 
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time  using  a  monochromator  with  a  PMT  as  the  detector.  A  typical  PMT  signal  and 
preconditioner  current  signal  are  shown  in  Figure  4-17.  This  result  supports  the  results  of 
Figure  4-16,  showing  an  intensity  that  builds  to  a  peak  500  ns  after  the  discharge  starts,  and 
slowly  diminishes. 

Holographic  Interferograms 

Holographic  interferograms  of  the  preconditioner  discharge  were  produced  with  a  50  ns 
ruby  laser  pulse.  The  same  technique  was  used  with  a  SF6  gas  jet  in  place  of  the  pre¬ 
conditioner  discharge  to  determine  the  direction  of  fringe  bending  for  a  neutral  gas.  A 
reconstructed  holographic  interferogram  is  shown  in  Figure  4-18.  This  hologram  was  pro¬ 
duced  550  ns  into  the  discharge  which  is  coincident  with  the  maximum  neutral  line  emission. 
The  fringes  in  the  central  region  of  the  discharge  bend  in  the  same  direction  as  was  seen 
with  the  neutral  gas  jet.  This  indicated  that  the  free  electron  density  was  quite  low. 


Figure  4-18.  Reconstructed  holographic  interferogram  of  a  preconditioned  aluminum  wire 
550  ns  into  the  pulse.  One  neutral  fringe  shift  is  seen  in  the  center  of  the  load. 


Streaked  Absorption  and  Emission  Photography 

A  pulsed  dye  laser  backlighted  the  preconditioner  loads  with  585  nm  radiation.  Neutral 
density  and  line  filters  were  used  to  reduce  emission  from  the  discharge  to  a  level  far  beJow 
that  of  the  laser.  The  absorption  of  the  load  region  was  detected  with  a  streak  camera. 
A  1  /is  duration  streaked  absorptiongram  of  a  20  kV  preconditioner  discharge  is  shown  in 
Figure  4-19(a).  A  dark  central  region  expands  radially  with  a  velocity  C.5  mm///s. 

A  CW  HeNe  (633  nm)  was  used  to  backlight  the  load  for  longer  streak  durations.  How¬ 
ever,  unlike  the  dye  laser,  the  HeNe  was  not  powerful  enough  to  overcome  emission  from 
the  discharge,  and  emission  dominates  during  the  first  microsecond  or  two.  A  30  /is  streak 


I' igure  •!- 1!).  Streaked  eimssion/ahsorpt iongrams  of  precondit ioned  aluminum  loads  at  a 
magnification  of  XX.  a)  1  //sec  dye  laser  streak  of  ‘JO  kV  preconditiouer,  h) 
.'id  //s  IleNe  streak  of ‘JO  k\  preconditiouer.  e)  100  /as  llcNe  streak  ol  15  kV 
precondil  ioner. 


of  a  20  kV  precondit ioner  shot  is  shown  in  Figure  1  10(b).  'Die  broad  region  of  emission  is 
evident  during  the  discharge  (  appromately  two  inieroseeouds)  followed  by  debris  streaming 
out  from  the  load.  This  feature  is  diflieult  to  see  at  this  charge  voltage,  but  is  very  evident 
at  a  lower  charge  of  15  |<Y  as  shown  in  Figure  I  10(c). 


’  •  V 


'  .  ‘  .VST  .at 

.* ;• .  . v**  ' ..  ; *v.- 


V:v.v'  > 


V.'z+'uiSM 


(a)  15  k\' 


dd  do  kv 


•  ■  v*;;  \  :  J 

,;yc  v  ..f  .  ».W;  1 .  ,Ti. .  .-ii*  -  . 

,  i  »  •  '  ...I’t,'  ■  i;  / 


(c)  10  k\‘ 


■’igure  -1  20.  SKM  images  of  debris  collet  ted  irom  live  preconditiouer  shots  from  15  10  k\ 
I  he  magnilical  ion  is  2011  for  (a)  and  5000  for  (b)  X'  (c). 


Debris  Collection 

Quart/,  slides  placed  several  cm  from  the  load  collected  debris,  bach  slide  collected  debris 
irom  5  or  1  0  successive  shots.  I  sine  enorgx  dispersive  x  ray  analysis  ( I  d  ).N  ]  in  coiipmct  ion 


with  the  SEM  imaging,  the  debris  was  characterized  in  both  size  and  chemical  composition. 
As  the  charge  voltage  was  increased  from  15  to  40  kV,  the  debris  became  finer,  a  result 
supported  by  HeNe  streak  pictures.  Additionally,  at  higher  voltages  the  aluminum  seemed 
to  be  more  molten  at  impact,  producing  a  splattered  pattern  on  the  slide.  SEM  images  of 
the  debris  collected  from  five  preconditioner  shots  are  shown  in  Figure  4-20. 

4.2.4  Measurements  of  Discharges  with  Preconditioned  A1  Loads. 

The  aluminum  wire  preconditioner,  described  in  the  previous  section,  was  used  in  con¬ 
junction  with  main  bank  discharges.  Some  differences  were  observed  on  the  streaks  and  the 
double  exposure  holography,  however,  the  other  diagnostics  showed  essentially  no  difference 
from  standard  main  bank  discharges  which  have  already  been  described.  Therefore,  in  this 
section  we  will  present  the  results  of  streaked  measurements  and  double  exposure  holograms 
for  preconditioned  aluminum  wire  explosions,  The  data  in  this  section  used  Electrode  IV. 

Streaked  Absorptiongram  Results 

Figure  4-21  shows  two  streaked  absorptiongrains  taken  on  40  kV  discharges  using  alu¬ 
minum  loads  that  had  been  preconditioned.  For  these  shots  the  preconditioner  had  been 
discharged  0.5  /is  before  the  main  bank  current.  Parts  (a)  Hi  (b)  were  taken  on  two  separate 
shots  and  have  nominal  streak  durations  of  1  /is  and  300  ns  respectively.  Part  (c)  contains  a 
representative  load  current  signal  in  which  the  the  start  and  end  of  the  streak  are  delimited 
by  solid  and  dashed  vertical  lines  for  the  1  /is  and  the  300  ns  streaks  respectively.  In  part  (a), 
one  can  see  the  slow  expansion  of  the  bulk  wire  due  to  the  preconditioner  discharge  which  is 
followed  by  a  very  quick  transition  to  an  emission  dominated  medium.  More  difficult  to  see 
on  this  exposure  is  a  thin  shell,  that  expands  much  faster  than  tin,-  bulk  absorbing  region, 
which  began  near  the  start  of  the  preconditioner  current.  A  thin  shell  is  also  observed  to 
implode  onto  the  central  region  at  the  time  the  load  becomes  emission  dominated  later  on  in 
the  streak.  The  main  bank  current  began  175  ns  before  this  occurred,  and  at  shell  implosion 
there  was  ~35  kA  flowing  in  the  load.  The  shell  is  observed  very  clearly  in  part(b),  which 
is  a  more  detailed  streak  around  the  time  the  shell  has  reached  the  axis.  The  timings  of  the 
shell  implosions  for  the  two  shots  fall  within  5  ns  of  each  other  as  measured  with  respect 
to  the  start  of  the  main  current  pulse.  This  event  (i.c.  the  implosion)  is  indicated  by  the 
”X”  in  Figure  4  21(c).  The  velocity  of  the  .shell,  as  measured  from  part  (b),  was  1.2  cin/ps. 
Extrapolating  linearly  and  assuming  that  the  radial  implosion  began  at  the  start  of  the  main 
current,  the  initial  shell  radius  would  have  been  2  mm. 
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21.  Two  streaked  ahsorpl ion.i;rams  are  shown  in  pails  (a)  .X  (h)  and  a  represen 
t al ive  load  current  (race  in  part  (c).  The  solid  vert  ical  lines  delimit  the  si  reak 
tiinintt  from  the  |iliot<>  in  (a)  and  the  dashed  lines  lor  the  photo  in  (l>).  The 
“X"  marks  the  lime  of  the  thin  shell  implosion  observed  in  both  photos. 


Figure  4-22.  Reconstruction  of  a  double  exposure  hologram  made  from  a  25  /mi  aluminum 
wire  explosion  that  had  been  preconditioned.  The  picture  was  taken  137  ns 
into  the  discharge  and  the  charging  voltage  was  40  kV. 

Holographic  Interferograins 

Another  interesting  difference  with  and  without  the  preconditioning  was  observed  on  the 
double  exposure  holograms.  In  particular,  holograms  taken  relatively  early  into  the  main 
current  discharge  also  showed  the  presence  of  a  thin  shell.  An  example  of  this  is  shown  in 
Figure  4-22  which  was  taken  137  ns  after  the  start  of  the  main  bank  current.  Although  the 
shell  is  not  uniform  axially,  it  is  clearly  observed.  The  radius  of  the  shell  in  this  picture  is 
approximately  1  mm  but  varies  between  1.3  and  0.7  mm  depending  on  the  axial  location. 

4.3  MEASUREMENTS  OF  DOUBLE  AL  WIRE  EXPLOSIONS. 

In  addition  to  carbon  fiber  and  25  pm  aluminum  wire  loads,  experiments  were  undertaken 
using  two  25  pm  aluminum  wires  as  a  load.  Since  two  wires  carrying  parallel  currents 
mutually  attract  each  other,  these  experiments  investigated  the  effects  of  this  force  on  the 
mass  of  the  wires.  The  single  and  double  exposure  holographic  photography  was  best  suited 
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for  the  investigation  of  this  interaction.  The  loads  were  oriented  so  the  two  dimensional  image 
created  by  these  diagnostics  was  in  the  initial  plane  of  the  wires.  Each  wire  was  nominally 
1  cm  long  and  they  had  a  separation  that  was  2.5  mm.  With  this  orientation,  wire  mass  that 
may  accumulate  between  the  wires,  or  radial  motion  of  the  bulk  mass  could  be  observed. 
The  double  wire  loads  were  exploded  with  main  bank  discharges  with  and  without  the  use 
of  the  POS.  As  with  all  other  load  types,  x-ray  measurements  using  the  CAD  detectors  were 
routinely  made,  however,  these  signals  were  virtually  identical  to  those  with  single  wire  loads. 
Reporting  these  measurements  in  this  section  is  therefore  unnecessary.  The  preconditioner 
was  not  used  for  these  experiments  which  were  carried  out  on  the  Electrode  IV  system. 


4.3.1  Double  Wire  Explosions  with  the  Main  Bank. 

Our  observations  using  the  double  wire  loads  with  main  bank  discharges  are  summarized 
in  Figures  4-23  &  4-24  which  each  show  two  interferograms  and  framed  shadowgrams  respec¬ 
tively.  These  were  obtained  on  40  kV  discharges.  Figure  4-23(a)  is  an  interferogram  taken 
220  ns  into  the  start  of  the  current.  It  shows  that  each  wire  has  expanded  substantially 
from  its  initial  radius  but  that  there  is  almost  no  mass  between  the  wires  or  change  in  the 
wire  positions.  The  latter  observation  is  based  on  a  hologram  taken  before  the  shot  (not 
shown),  which  precisely  determined  the  initial  position  of  the  wire.  Furthermore,  based  on 
the  direction  of  the  fringe  shifts  in  the  centers  of  each  wire,  the  hulk  of  the  wire  appears 
to  be  dominated  by  neutral  matter.  The  shadowgram  shown  in  Figure  4-24(a)  essentially 
confirms  the  first  observation  that  no  mass  has  accumulated  on  axis  at  this  time.  This  was 
taken  on  a  separate  shot  225  ns  into  the  current  pulse.  Considering  each  wire  independently, 
the  interferogram  at.  220  us  is  very  similar  to  single  wire  interferograms  taken  between  100 
and  150  ns  into  the  pulse.  'Phis  is  not  surprising  since  the  current  per  wire  in  the  two  cases 
was  about  the  same. 

Later  into  the  current  pulse,  Figures  4-23(b)  &;  4-24(b)  show  further  expansion  of  the 
wires  with  some  accumulation  of  mass  on  axis.  Roth  of  these  photos  were  obtained  from  the 
same  shot  at  335  ns  after  the  start  of  the  current.  The  interferogram  clearly  shows  fringe 
bending  due  to  electrons  between  the  wires  and  the  shadow  effects  of  this  density  is  observed 
in  Figure  4-24(b).  Even  though  the  effect  of  the  mutually  attractive  force  is  observed,  the 
hulk  masses  of  the  wires  have  not  moved  from  their  original  positions.  This  was  once  again 
determined  by  measuring  the  exact  initial  wire  positions  prior  to  the  shot.  This  lack  of  bulk 
motion  and  accumulation  of  mass  between  the  wires  is  observed  in  both  photos,  but,  is  more 
transparent  in  the  shadowgram. 
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4.3.2  Double  Wire  Explosions  with  the  POS. 

The  observations  using  the  double  wire  loads  with  our  POS  are  summarized  in  Figures 
4-25  &;  4-26  which  each  show  two  interferograms  and  framed  shadowgrams  respectively.  The 
double  exposure  interferogram  shown  in  Figure  4-25(a)  was  taken  58  ns  into  the  opening. 
At  this  time  there  would  have  been  approximately  30-40  kA  of  current  in  each  wire.  One 
can  see  that  essentially  nothing  has  happened  to  the  vines,  no  expansion,  fringe  bending  or 
movement  is  observed.  The  interferogram  in  part(b)  of  the  figure,  which  was  taken  160  ns 
into  the  opening,  shows  accumulated  mass  on  axis  as  well  as  individual  expansion  of  each 
wire.  However,  the  mass  accumulation  in  the  center  is  very  -.onuniform  axially.  This  is 
further  illustrated  in  Figure  4-2G(a)  which  is  a  shadowgram  obtained  from  the  same  shot 
as  part(b)  of  the  preceding  figure.  The  shadowgram  shown  in  F'gure  4-26(b)  was  taken 
much  later  in  time,  at  235  ns  after  the  opening  of  the  switch.  One  can  see  that  the  wires 
have  expanded  more  and  more  mass  has  accumulated  on  axis.  The  axial  nonuniformity 
of  this  mass  is  still  observed  but  bulk  shadows  of  the  wire  in  its  original  position  are  also 
still  observed.  There  are  some  significant  differences  between  the  POS  and  non-POS  double 
wire  explosions.  With  the  opening  switch  more  mass  accumulates  on  axis  faster  with  the 
expansion  of  the  individual  wires  much  less.  However,  in  both  cases,  shadows  of  the  wires 
in  their  original  radial  position  are  observed  late  in  the  respective  current  pulses  indicated 
that,  the  bulk  mass  has  not  been  accelerated. 

4.4  MEASUREMENTS  OF  WIRE  ARRAYS. 

The  results  obtains  with  the  carbon  and  aluminum  loads  indicated  that  the  current 
flowed  in  a  hot,  low  density,  corona  outside  a  cold  and  maybe  only  partially  ionized  core. 
These  observations  were  consistent  with  two  wire  measurements  showing  the  corona  implod¬ 
ing  ahead  of  the  core.  The  Mg  on  A1  wire  load  experiments  were  designed  to  determine 
how  important  these  effects  would  be  on  a  terawatt  class  simulator  using  imploding  wire 
arrays.  The  object  of  these  studies  was  to  determine  how  much  straggling  there  was  in  the 
assembly  of  the  load  mass  on  axis.  Our  strategy  was  to  evaporate  different  thicknesses  of 
Mg  on  an  A1  core,  keeping  the  load  mass  constant  at  a  value  consistent  with  optimum  yields 
observed  on  pure  A!  wire  arrays.  The  K-spectra  of  these  elements  are  close  enough  to  be 
simultaneously  recorded  on  a  time  resolved  crystal  spectrograph,  or  on  a  McPig  for  VUV 
spectrograph.  The  spectrographs  were  aligned  to  view  the  central  few  mm  radius  along  the 
array  axis  to  determine  when  the  different  elements  arrive.  'The  McPigs  were  also  aimed  to 
view  the  original  wire  location  to  determine  how  long  a  current  channel  persisted  there. 

Loads  with  the  following  percentage  of  Mg  and  A1  were  tested:  i0/90,  20/80,  30/70, 
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Fraction  of  Total  Line  Radiation 


Figure  4  27.  K-spectrum  of  the  radiation  emitted  by  an  array  with  70%  Mg/30%  A1  wires. 

The  lines  from  left  to  right  are:  1S-2P  A1  XIII  at  7.173  A,  1SMS2P  A1  XII 
at  7.806  A,  1S-2P  Mg  XII  at  8.421  A,  and  1S2-1S2P  Mg  XI  at  9.168  A. 


Mg  Fraction  (%) 


Figure  4-28.  A  plot  of  the  fraction  of  the  total  K-spectrum  line  radiation  in  A1  (solid  dots) 
and  Mg  (open  circles). 
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50/50,  and  60/40.  The  x-ray  yields  from  these  loads  were  compared  with  the  yield  from  100% 
A1  wire  loads.  The  loads  were  imploded  on  the  Double  Eagle  simulator  delivering  a  peak 
current  of  4  MA  in  a  current  pulse  with  a  rise  time  of  100-120  ns.  Besides  the  spectrographs, 
the  implosion  dynamics  and  x-ray  yields  were  monitored  with  gated  microchannel  plate 
multiple  pinhole  cameras,  open  shutter  pinhole  camera,  and  GaAs  photodetectors  filtered  to 
study  radiation  yields  in  the  K-spectrum  energy  range  of  Mg  and  Al. 


Mg  Fraction  (%) 


Figure  4-29.  Plot  of  the  x-ray  yield  versus  the  Mg  fraction  in  the  load.  This  data  was 
obtained  for  wire  array  loads  on  the  Double  Eagle  machine  at  Physics  Inter¬ 
national. 


A  typical  x-ray  spectrum  is  shown  in  Figure  4-27.  This  spectrum,  together  with  the 
filtered  diode  signals,  were  used  to  determine  the  relative  amount  of  radiation  emitted  by 
the  Mg  and  Al  constituents.  A  rough  estimate  of  the  energy  in  each  spectral  component  was 
obtained  from  the  peak  amplitude  of  the  line  using  the  measured  response  of  Kodak  direct 
exposure  film  published  by  Henke  d  al.. [39]  The  fraction  of  total  line  radiation  that  was  due 
to  the  aluminum  K-spectrum  and  magnesium  K-spectrum,  was  determined  for  each  load 
configuration.  The  average  values  are  presented  in  Figure  4-28.  This  analysis  includes  the 
response  of  the  8.3  n m  Kapton  filter  used,  but,  did  not  include  variations  in  the  diffraction 
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efficiency  of  the  crystal  with  wavelength.  The  x-ray  yield  from  the  load  was  estimated  from 
the  filtered  calorimeter  signal.  A  peak  yield  is  clearly  observed  in  Figure  4-29,  which  displays 
these  results. 

Additional  information  about  the  plasma  conditions  in  the  pinch  can  be  inferred  from 
the  measured  spectra.  If  the  plasma  is  optically  thin,  so  that  self  absorption  effects  can 
be  ignored,  traditionally  line  ratio  techniques  can  be  employed.  [40]  If  the  electron  density  is 

t 

known  from  other  measurements,  the  ratio  of  the  hydrogen-like  to  helium-like  line  intensities 
car  be  used  to  infer  the  plasma  temperature.  Since  this  line  ratio  has  been  measured  for 
the  A1  and  the  Mg  spectra  in  this  experiment,  the  electron  densities  and  temperatures  can 
be  infrared  separately.  Plasma  temperatures  in  the  range  of  143  to  600  eV  and  electron 
densities  in  the  range  of  1  —  3  x  1019cm-3  have  been  determined  using  this  procedure.  The 
ratio  of  the  A1  to  Mg  beliurn-like  intensities  have  been  used  along  with  the  inferred  electron 
temperature,  to  determine  the  ratio  of  A1  to  Mg  helium-like  ions  in  the  ground  state  of  the 
pinched  plasma.  The  results  are  presented  in  Figur-  •  -AO  for  the  range  of  load  compositions 
studied  here. 


Mg  Fraction  (%) 

Figure  4-30.  A  plot  of  the  x-ray  emission  of  helium-like  A1  to  helium-like  Mg  ion  versus 
the  percentage  of  Mg  in  the  load  wires.  This  data  was  inferred  from  a  line 
ratio  analysis  of  the  measured  K-spectrum. 


SECTION  5 
DISCUSSION 


5.1  ALUMINUM. 

The  high  resolution  diagnostics  used  in  these  experiments  reveal  numerous  interesting 
features  of  the  Z-pinch  dynamics.  Some  of  these  features,  such  as  periodic  expansion  and 
contractions  of  the  plasma  column,  have  been  observed  before  and  have  been  attributed 
to  n=0  sausage  instability  while  others  are  new. [35]  The  most  interesting  new  feature  is 
the  significant  amount  of  radial  structure  that  occurs  in  the  discharge  channel,  as  seen  in 
the  streaked  absorptiongrams. (Figure  4-8)  The  highly  absorbent  core  is  surrounded  by  thin 
refractive  shells  (multiple  sheik  in  many  cases)  which  implode  on  to  the  core  while  the  core 
is  expanding.  In  some  cases,  these  shells  appear  to  pxopagate  through  the  core  as  a  shock 
wave  without  significantly  affecting  the  core,  as  seen  in  Figure  4-8.  In  other  cases,  the  impact 
of  these  refractive  shells  results  in  sudden  expansion  or  contraction  of  the  core  that  can  be 
accompanied  by  emission  of  radiation.  Furthermore,  the  holograms  indicate  that  the  central 
core  is  often  neutral  atoms  and  the  gated  pinhole  cameras  reveal  the  emission  of  UV  and 
soft  x-ray  emission  (<300  eV)  to  come  from.  hollow  shells,  while  the  keV  radiation  comes 
from  localized  “hot  spots”. 

The  exact  relationship  of  the  core,  refractive  shells,  emission  volumes,  pinch  locations, 
etc.  is  difficult  to  determine  unambiguously  since  all  of  the  diagnostics  were  not  always 
fielded,  and  it  was  a  fortuitous  coincidence  when  a  hologram  and  gated  pinhole  camera 
picture  were  recorded  at  the  instant  when  a  large  x-ray  emission  pulse  was  observed.  The 
relationship  of  there  various  features  can  only  be  inferred  un  a  statistical  basis  in  general. 

The  expansion  and  implosion  velocities  of  various  plasma  features  described  above  have 
been  determined  from  a  large  n  aber  of  streaked  absorption  and  emission  measurements. 
These  are  presented  in  Table  5- 1.  The  magnitudes  of  these  velocities  fall  into  two  ranges 
more  than  an  order  of  magnitude  different.  The  similarities  of  certain  velocity  components 
could  indicate  similar  generator  coupling  and  load  dynamics  effects  while  contrasting  char¬ 
acteristics  could  imply  the  converse.  These  will  be  discussed  according  to  the  pulse  power 
mode  and  number  of  wires  in  the  load. 
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Table  5-1.  Expansion  velocities  (cm/ps)  of  the  core  and  refractive  shell  observed  by 
streaked  absorption  on  emission  techniques  at  times  a).  t=Q  when  main  bank 
fires  or  POS  opens  or  b).  t=fi  when  significant  feature  observed  (wire  appears 
to  blow  up  or  refractive  shell  implodes  on  axis). 


t  =  0 

t  =  fi 

Core 

Ref.  Shell 

U  (ps) 

core 

.  . 

Ref.  Shell 

Bank  Only 
Absorption 

0.3  -  0.7 

Preconditioner  Only 
Emission 

0.21  -  0.23 

Absorption 

0.012  -  0.062 

0.27 

Precon.  -f  Bank 
Absorption 

0.03  -  0.07 

0.28 

0.17  -  0.25 

-(1  -  1.5) 

Bank  +  POS 
Absorption 

0.02 

Not  Observed 

0.11  -  0.33 

1  -  1.4 

Main  Bank  with  Preconditioner 

At  the  initiation  of  the  load  current  (t'^O),  the  expansion  velocity  of  the  absorbing  core 
is  in  the  range  of  0.01  to  0.07  when  the  preconditioner  is  fired  alone  or  with  the  main 
bank.  The  expansion  velocity  of  the  emission  front  and  the  refractive  shell,  observed  with 
the  preconditioner,  is  significantly  larger  (0.2cm/ps  for  the  former  and  0.3cm/ps  for  the 
latter).  These  results  suggest  that  refractive  and  emission  fronts  are  one  and  the  same  and 
distinctly  different  from  the  absorbing  core.  Since  the  refractive  shell  responds  to  the  main 
bank  where  as  the  core  docs  not  respond  until  the  shell  implodes  on  axis,  this  refractive 
shell  appears  to  be  a  highly  conductive  plasma  which  shields  the  core  from  the  main  bank. 
This  interpretation  is  substantiated  by  the  holographic  studies  (Figure  4-22)  where  a  thin 
plasma  shell  is  observed  around  a  primarily  neutral  core.  The  shell  diameter  (0.17  cm)  is 
consistent  with  the  maximum  diameter  that  the  refractive  shell  could  achieve  if  it  expanded 
at  a  rate  of  0.32  cm/ps  and  imploded  on  axis  0.76  ps  later  with  a  velocity  of  1.2  cm/ps.  The 
actual  trajectory  produced  by  t.he  magnetic  forces  is  expected  to  be  curved  with  a  smaller 
maximum  radius  consistent  with  the  observations. 

If  the  expansion  velocity  of  the  core  is  taken  to  be  an  acoustic  velocity,  the  observed 
value  of  0.06  cm/ps  implies  a  core  temperature  of  1074°  K  which  is  very  close  to  the  melting 
temperature  of  aluminum.  These  low  values  for  the  core  temperature  suggests  that  the  core 
may  not  be  fully  vaporized.  Since  the  sum  of  line  densities  in  the  thin  plasma  shell  (1.8  to 
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6.3  x  1016/cm)  and  in  the  neutral  core  (1  to  3  x  1016/cm)  represent  less  than  1/3  of  the  line 
density  in  the  original  wire,  the  remaining  mass  could  be  in  the  form  of  particulates.  This 
is  substantiated  by  the  observation  of  the  debris  being  emitted  during  a  preconditioner  shot 
and  afterward,  as  seen  in  Figure  4-19c  and  4-20,  respectively. 

Taken  together,  these  results  suggest  the  preconditioner  pulse  outgasses  and  vaporizes 
at  least  part  of  the  A1  wire.  The  surface  expands  and  immediately  breaks  down  when  the 
density  satisfies  the  Pashen  voltage-pressure  curve.  This  highly  conducting  plasma  provides 
a  short  circuit  path  around  the  core  leaving  it  cold  and  only  partially  vaporized.  When  the 
main  bank  is  fired,  the  current  initially  couples  to  the  plasma  shell.  The  bank  energy  is 
transferred  to  the  core  when  the  shell  implodes  on  axis  as  seen  in  Figure  4-21b.  In  some 
cases  a  relatively  uniform  expansion  of  the  core  occurs  after  the  shell  implodes,  whereas,  in 
other  cases  only  the  outer  surface  expands  significantly  following  implosion. 

Gated  pinhole  photographs  taken  about  150  ns  after  the  shell  typically  implodes  on 
axis  reveal  a  soft  x-ray  (E  <  300  eV)  emission  regions  having  considerable  radial  and  axial 
structure  with  a  diameter  varying  from  0.6  to  0.9  cm.  Simultaneously  recorded  photographs 
filtered  with  Kapton  reveal  the  harder  x-rays  (E  >  1  keV)  to  be  emitted  from  narrow  ribbons 
about  0.06  cm  in  diameter  and  0.3  cm  long.  This  diameter  is  very  cli  e  to  the  diameter 
of  the  core  when  the  shell  implodes  and  could  represent  emission  by  hot  coronal  electrons 
impinging  on  the  dense  core. 

This  configuration  of  a  plasma  shell  imploding  on  a  cold  core  is  very  similar  to  the  puff  on 
wire  experiments  recently  reported  by  Wessel  et  a/.[5]  They  inferred  better  plasma  stability 
and  improved  coupling  to  the  generator.  The  enhanced  stability  could  be  due,  in  part, 
to  a  persistent  cold  core,  similar  to  that  observed  here.  They  also  observe  enhanced  x-ray 
emission,  which  again  could  be  due  to  energetic  electrons  from  the  imploding  shell  impinging 
on  the  dense  wire. 

Main  Bank  with  POS 

The  interpretation  made  above  for  the  preconditioner  studies  has  some  important  impli¬ 
cation  for  interpreting  the  POS  studies  because  of  the  similarity  in  the  expansion  velocities 
of  the  core  under  these  two  conditions  (See  Table  5-1).  Even  though  interferograms  were 
not  taken  of  the  POS  plasma  to  establish  the  existence  of  a  conducting  shell  outside  of  the 
core,  the  absence  of  any  significant  response  in  the  core  to  the  current  pulse  for  120ns 
(at  which  time  an  imploding  refractive  shell  is  often  observed),  implies  its  existence.  This 
conducting  shell  could  then  carry  a  significant  fraction  of  the  current  as  well  as  shield  the 
core.  Although  no  origin  for  this  shell  has  been  identified  it  could  be  due  to  prepulse  current 


outgassing  the  load  or  to  plasma  accelerated  from  the  POS  to  the  load. 

The  soft  (E  <  300  eV)  and  hard  (E  >  1  keV)  emitting  regions  provide  additional  in¬ 
formation  about  the  current  conduction  processes.  In  general  the  soft  x-ray  regions  appear 
to  be  hollow  shells  with  considerable  filamentary  radial  structure.  Emission  volumes  0.24 
to  0.4  cm  diameter  have  been  observed  60  ns  into  the  load  current  pulse  at  which  time  a 
load  current  of  60  kA  is  flowing,  simultaneously  recorded  hard  x-rays  radiate  from  a  series 
of  diffuse  spots  ~  0.02  cm  in  diameter  that  appear  to  be  along  the  original  wire.  Since 
60  ns  is  slightly  ahead  of  the  time  when  significant  coupling  to  the  wire  occurs  (typically  at 
~  110  ns),  these  x-rays  appear  to  come  from  high  energy  electrons  in  the  corona  impinging 
on  the  core.  Both  the  size  of  the  soft  x-ray  region  and  expansion  velocities  that  have  been 
recorded  (0.4-0. 5  cm//ts)  imply  a  hot  plasma  region  well  outside  the  wire  volume.  This  coro¬ 
nal  plasma  may  be  the  current  carrying  channel  with  many  characteristics  similar  to  those 
observed  with  the  preconditioner. 

Main  Bank  Experiments 

The  characteristics  of  the  discharge  channel  produced  by  main  capacitor  bank  are  dis¬ 
tinctly  different  from  those  observed  with  preconditioner  or  opening  switch.  Not  only  does 
the  entire  core  appear  to  expand,  its  initial  expansion  velocity  is  larger  than  that  observed 
with  the  other  two  pulse  power  modifications.  These  discharges  were  more  completely  diag¬ 
nosed  providing  more  detailed  information  about  the  discharge  process. 

The  streaked  absorptiongrams  revealed  a  considerable  amount  of  internal  structure  in 
the  discharge  channel  not  seen  in  previous  studies.  This  is  largely  due  to  the  fact  that 
absorption  is  more  sensitive  to  slight  variations  in  density  and  temperature  with  the  large 
magnification  (xl2.5)  used  to  record  the  data  playing  an  important  role.  In  addition  to  the 
radial  striations  seen  during  the  early  expansion  phase  in  Figure  4-8,  considerable  internal 
structure  is  observed  right  after  the  column  pinches  and  begins  to  slowly  expand.  The  arrow 
marked,  ic,  point  to  a  radially  imploding  boundary  separating  a  dark  absorbing  interior  core 
from  a  lighter,  less  absorbing  outer  layer.  The  boundary  appears  to  expand  radially  after  it 
crosses  the  axis  and  emerges  at  the  point  marked  by  the  arrow  ec.  The  imploding  boundary 
is  followed  by  a  thin  absorption  front  that  begins  to  implode  at  the  arrow  marked  if.  There 
is  also  an  expanding  absorption  front  marked  c j  which  could  be  a  reflection  of  if  front  when 
it  hits  the  axis. 

To  study  this  internal  plasma  structure  microdensitometer  scans  were  made  of  the  film 
density  at  times  marked  ti,  t2,  and  t3  in  Figure  4-8  which  corresponds  to  times  113,  173, 
and  226  ns  into  the  current  pulse.  The  incident  light  intensity  was  inferred  from  film  density 


using  the  manufacturers  published  curves  and  Abel  inverted  using  a  40  point  inversion  routine 
developed  by  Bockasten.[28]  A  typical  result  presented  in  Figure  5-1,  clearly  reveals  the  radial 
structure  seen  in  the  streak  photograph.  The  two  earlier  time  scans(tj  and  t2)  have  a  smaller 
absorption  coefficient  on  axis  than  in  the  wings.  This  is  reversed  in  scan  t3  where  the  center 
predominates.  A  careful  inspection  of  Figure  4-8  could  indicate  the  reason  for  this  change. 
Scan  t3  is  taken  at  the  time  when  the  imploding  boundary  denoted  by,  ic,  has  reached  the 
channel  axis,  and  the  dark  absorbing  “core”  is  on  axis. 


Radial  Position  (cm) 


Figure  5-1.  Radial  profile  of  the  absorption  coefficient  obtained  by  Abel  inverting  a  mi¬ 
crodensitometer  scan  of  Figure  4-8  at  t2= 1 73  ns. 
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of  internal  st  ructure  in  the  discharge  column  or  are  an  artifact  of  the  measurement  technique. 
A  ray  from  a  collimated  source  traversing  the  plasma  column  can  be  absorbed  or  it  can  be 
refracted  by  gradients  in  the  index  of  refracti  u  perpendicular  to  the  trajectory  of  the  ray.  If 
this  deflected  ray  misses  the  collection  lens,  a  dark  region  appears  in  the  image,  giving  rise 
to  a  “shadowgram”. [32]  Rays  can  also  be  focussed  by  negative  index  gradients  giving  rise  to 
regions  of  enhanced  intensity.  It  is  difficult  to  determine  if  a  given  intensity  profile  is  due  to 
absorption  or  refraction  processes. 
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The  important  question  to  answer  is  whether  a  single  step  function  in  index  at  the 
plasma  edge  or  a  thin  annular  index  shell  could  produce  the  striated  intensity  profile  observed 
throughout  the  interior  in  Figure  4-8  for  t  <  100  ns.  To  determine  this,  a  ray  tracing  model 
was  developed  to  follow  the  trajectories  of  an  initially  collimated  beam  as  they  traverse  an 
arbitrary  index  distribution.  These  refracted  rays  are  then  collected  by  an  ideal  lens  and 
focussed.  The  intensity  profile  is  then  determined  by  coherently  adding  the  contributions 

t 

from  individual  rays.  The  results  are  presented  in  Figure  5-2  for  a  uniform  plasma  column 
(n  =  5  x  10 20/cm3,  r=0.3  mm)  having  a  density  scale  length  of  8  ~  5xl0"3  mm.  A  dark 
shadow  is  seen  in  the  region  of  the  column  edge  with  a  series  of  light-dark  fringes  in  the 
interior.  If. the  scale  length  of  the  density  gradient  is  increased  by  a  factor  of  1.6  to  8  x  10~4 
the  fringes  near  the  center  disappear.  Only  one  dark  fringe  is  observed  inside  the  broad 
shadow  if  8  =  1  x  10“3.  Similar  effects  arc  seen  with  an  annular  ring  having  a  comparable 
scale  length. 
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Figure  5-2. 


Predicted  image  of  a  uniform  plasma  column  backlighted  by  a  collimated  laser 
beam.  The  density  of  the  plasma  column  is  5  x  1020  cm-3,  its  radius  is  0.3  mm 
and  the  density  scale  length  at  the  edge  is  5  x  10“3  mm. 


It  is  clear  that  the  striations  observed  in  Figure  4-8  could  not  be  due  to  these  refractive 
effects  because  of  the  unrealistic  conditions  that  are  required.  The  electron  density  in  the 
simulation  would  require  the  average  charge  state  to  be  4.5  in  the  experiment.  However  the 
density  scale  length  could  not  be  preserved  for  the  50-100  ns  over  which  the  striations  are 
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observed.  The  observed  expansion  velocity  of  0.3-0. 6  cm/ps  would  increase  the  scale  lengths 
by  more  than  an  order  of  magnitude  which  would  wash  away  most  of  these  effects.  Only  the 
closely  spare  fringes  seen  at  the  bottom  of  Figure  4-8  might  survive. 

This  simplified  analysis  strongly  suggests  that  the  internal  features  are  real  and  not  arti¬ 
facts  of  the  diagnostic  technique.  This  is  not  to  say  that  refractive  effects  are  not  important. 
Any  region  where  a  negative  value  is  inferred  for  the  absorption  coefficient  clearly  has  some 
focussing  effects  due  to  index  gradients  contributing  to  the  intensity  profile,  A  proper  anal¬ 
ysis  of  the  data  requires  the  observed  intensity  profile  to  be  fitted  by  a  calculated  profile 
using  a  ray  tracing  model  that  includes  both  refractive  and  absorptive  effects.  The  analysis 
carried  out  here  will  ignore  the  refractive  effects. 
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Figure  5-3.  Calculated  optical  absorption  coefficients  (cm-1)  for  aluminum  at  a  laser  wave¬ 
length  of  585  nrn  (2.12  eV).[36] 


Qualitative  features  of  temperature  and  density  profile  can  be  inferred  from  measured 
absorption  profile  using  the  calculated  absorption  coefficients  of  J.  Apruzese.(33]  The  absorp¬ 
tion  coefficients  in  Figure  5-3  are  small  at  high  density  and  low  temperature  (T  <  0.5  eV) 
or  at  low  densities  (n  <  2  x  101Hcm-3)  at  almost  all  temperatures.  It  is  reasonable  to  as¬ 
sume  that  the  density  decreases  radially  from  a  maximum  on  axis  and  that  the  temperature 
is  low  on  axis  and  increases  toward  the  edge  of  the  column  where  ohmic  heating  is  expected 
to  heat  the  plasma  to  produce  the  large  absorption  wings  seen  in  Figure  5-1. 
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To  obtain  more  information  about  the  density  or  temperature  profiles  requires  an  inde¬ 
pendent  measure  of  either  n(r)  or  T(r)  or  some  model  calculation  relating  the  two.  Unfor¬ 
tunately,  the  latter  requires  an  expression  for  the  pla<:  ;,a  conductivity  which  is  valid  at  low 
temperatures  (<  2  eV)  and  high  densities  1019  —  102°  where  the  Spitzer  relationship  may 
not  be  valid. 

In  liew  of  a  model  calculation,  some  information  may  be  inferred  about  n,T  profiles  by 
assuming  a  profile  for  one  variable  and  inferring  the  other.  A  Gaussian  density  profile, 
a  constant  temperature(isothermal)  or  a  constant  pressure(equilibrium),  are  some  options. 
Some  additional  information  is  required  to  pin  down  a  variable  at  one  point.  This  may  be 
achievable  at  the  edge  where  the  expansion  velocity  gives  a  handle  on  Z  and  T  while  the 
absorption  relates  T  and  n.  Assuming  the  plasma  edge  expands  at  the  ion  acoustic  velocity 


C,  = 


7AT(1  +  Z) 


M 


(5.1) 


the  values  of  n=3.6  x  1019/cm3,  T=3  eV  and  Z— 1.5  gives  the  absorption  coefficient  of 
60  cm-1  at  the  edge.  Starting  from  this  condition  at  the  edge,  and  assuming  the  product 
uT  is  a  constant,  average  value  profiles  for  the  density  and  temperature  can  be  obtained  by 
drawing  a  smooth  curve(shown  dotted  in  Figure  5-1)  through  midpoints  of  the  oscillation. 
The  results  are  presented  in  Figure  5-4.  Also  shown  in  that  figure  is  a  curve  corresponding  to 
density  variation  that  would  be  required  to  produce  the  fluctuation  in  absorption  observed 
if  the  latter  is  due  to  an  adiabatic  fluctuation  in  pressure  (7'«1"|,=constant).  The  total  line 
density  of  atoms  represented  by  Figure  5-4  is  2  xl017/cm  which  is  in  good  agreement  with 
the  line  density  of  atoms  in  the  A1  wire  (3  x  10ir/cm).  The  density  and  temperature  on  axis 
predict  a  value  of  Z  ~  0.23  which  is  much  less  than  the  value  of  1.5  at  the  edge. 

Although  a  complete  analysis  of  the  radial  density  and  temperature  profiles  is  not  avail¬ 
able  for  our  experimental  conditions,  the  simplified  analysis  presented  above  is  qualitatively 
consistent  with  our  calculation  and  those  of  other  authors.  The  calculations  presented  in 
Chapter  2  predict  the  plasma  channel  radius  to  be  0.05  to  0.06  cm  at  a  time  40  ns  into 
the  current  pulse  which  agrees  well  with  our  observations.  This  time  corresponds  to  values 
of  the  load  current  which  are  comparable  to  those  at  which  the  absorption  measurements 
were  made.  The  temperature  inferred  from  the  absorption  measurement  (~3  eV)  is  compa¬ 
rable  to  the  values  in  the  corona  calculated  with  the  Caublc  resistivity  (5-10  eV)  but  not 
with  that  calculated  with  the  Spitzer  Harm  resistivity  (200-^00  eV).  In  a  similar  fashion, 
Neudachin  and  Sasarov  [16]  have  calculated  the  equilibrium  profile  in  a  high  temperature 
diffusion  regime  where  good  thermal  conductivity  has  resulted  in  an  isothermal  temperature 
distribution  and  a  low  conductivity  regime  where  the  coronal  temperature  is  higher  than  at 
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Figure  5-4.  Radial  density  i)rofile  (solid  circles)  and  temperature  profile  (diamonds)  in¬ 
ferred  from  the  average  absorption  profile  assuming  uT  is  constant.  The 
dashed  line  from  Figure  5.1  was  used  for  the  absorption  profile.  Here  n  is 
the  density  of  ions  plus  neutrals. 


the  center.  They  obtain  ratios  of  the  corona  to  core  temperatures  that  vary  from  3  to  13  in 
the  latter  case.  A  coronal  temperature  of  ~  3  eV  was  predicted  in  both  limits  which  agrees 
with  the  value  we  have  estimated. 

The  interferometric  measurements  can  provide  information  about  the  net  distribution  of 
electrons  in  the  plasma  relatively  independent  of  their  temperature.  The  term  net  is  used  to 
emphasize  the  fact  that  the  change  in  index  due  to  electrons  is  of  opposite  polarity  to  that 
of  neutrals  (or  ions)  and  it  the  difference  in  these  contributions  which  determines  how  the 
fringe  is  bent.  Since  the  contribution  due  to  neutrals  is  about  1/10  of  that  due  to  electrons, 
a  10%  ionized  plasma  would  have  a  zero  net  contribution  to  the  index.  With  this  caveat  in 
mind,  the  evolution  of  the  discharge  channel  proceeds  as  follows, 

First  a  narrow  channel  (d  <  0.01  cm  dia.)  is  formed  with  a  peak  electron  density  of 
4  x  1019/cm3.  The  channel  is  observed  to  expand  with  a  neutral  core  appearing  at  150  ns 
into  the  current  pulse,  at  which  time  the  current  is  32  kA.  The  neutral  core  persists  for  100 
-  200  ns  and  is  surrounded  by  a  coronal  plasma.  The  evolution  of  the  electron  and  neutral 
densities  is  summarized  in  Figures  5-5  h  5-6  which  also  shows  the  line  density  of  these  two 
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Figure  5-5.  Plotted  are  the  number  density  (solid  circles)  and  line  density  (diamonds)  of 
electrons  in  the  discharge  channel  as  a  function  of  time.  Time  zero  is  the  start 
of  the  main  bank  current. 
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Figure  5-6.  Plotted  are  the  number  density  (solid  circles)  and  line  density  (diamonds)  of 
neutrals  in  the  discharge  channel  as  a  function  of  time.  Time  zero  is  the  start 
of  the  main  bank  current. 
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species. 

Two  comments  are  in  order  concerning  these  results.  First  of  all,  the  line  density  of 
neutrals  exceeds  the  3.15  x  1017/cm  in  the  original  wire.  This  is  attributed  to  an  incorrect 
estimate  for  the  index  coefficient  of  neutral  A1  vapor.  The  second  comment  concerns  the 
appearance  of  a  neutral  core  150  ns  into  the  pulse.  This  occurs  after  the  channel  has  expanded 
and  could  be  due  to  an  adiabatic  cooling  associated  with  the  expansion. 
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Figure  5-7.  Diameter  of  plasma  features  observed  on  i liter ferograms  at  different  times  in 
the  discharge  current.  Dashed  line  represents  range  of  expansion  velocities 
inferred  from  absorptiongrams. 


The  well  defined  channel  seen  at  early  times  becomes  distorted  with  low  density  necked 
down  pinch  regions  separating  expanded  bulges  of  dense  plasma.  The  pinch  stability  char¬ 
acteristics  was  studied  by  measuring  the  radii  of  column  bulges  and  constrictions  observed 
at  different  times  in  these  interferograms.  Initially,  the  maximum  and  minimum  radii  were 
about  the  same  and  increasing  at  about  0.4  cm//is  comparable  to  expansion  velocities  ob¬ 
served  with  absorptiongrams.  At  about  200  ns,  the  maximum  radii  appeared  to  grow  at  a 
rate  of  3  cm/ (is.  This  is  shown  in  Figure  ,5-7  and  is  associated  with  the  growth  of  large  scale 
inhomogenieties.  The  density  in  the  neck  regions,  2.4  x  1018/em3,  is  more  than  an  order  of 
magnitude  less  than  the  4  x  10IB/cm3  observed  in  the  bulges.  These  density  minimum  have 
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also  been  seen  in  other  experiments, [34]  where  they  ha/e  been  linked  to  the  m=0  sausage 
instability. 

These  plasma  inhornogenieties  appear  to  be  associated  with  the  emission  of  soft  x-rays 
that  are  observed  to  occur  in  the  200  -  400  ns  range  at  which  time  these  inhornogenieties  are 
rapidly  developing.  However,  the  role  of  these  inhornogenieties  in  the  x-ray  emission  process 
is  not  clear.  Although  m=0  sausage  instabilities  augmented  by  radiative  collapse  have  been 
predicted  to  produce  localized  highly  compressed  plasma  that  can  radiate  as  “hot  spots”  in 
high  Z  materials, [35]  the  density  minima  observed  here  suggest  that  a  different  mechanism 
must  he  functioning.  The  most  obvious  process  is  energetic  electron  beam  production  in 
the  density  minima  producing  nontherma!  tail  on  the  electron  distribution. [36]  To  examine 
this  idea  attempts  were  made  to  correlate  emission  volunies  observed  with  gated  pinhole 
cameras  and  plasma  features  seen  on  interferograms.  Unfortunately  the  exact  location  of 
the  electrodes  in  the  gated  pinhole  photographs  was  not  adequately  known,  and  a  large 
number  of  simultaneous  measurements  were  not  available  to  obtain  good  correlation. 

Two  Wire  Aluminum  Loads 

The  interaction  of  two  current  carrying  discharge  channels  was  studied  in  the  two  wire 
load  experiments.  As  the  individual  wires  explode  and  begin  carrying  current  they  evolve 
in  much  the  same  way  as  the  single  wires.  (See  Figures  4-23  and  4-24)  Again  a  neutral  core 
~i:r  oimded  by  a  coronal  plasma  is  quite  evident.  The  most  dramatic  and  interesting  feature 
of  the  iwo  wire  shots  is  a  rapid  flux  of  electrons  into  the  intra-wi>-e  region.  These  electrons 
arrive  eariy  and  have  a  significant  density  (3  x  10l9/cm"3)  long  before  the  two  channels 
coalesce  Into  a  single  pinch  which  thereafter  looks  similar  to  single  wire  pinches.  This  early 
run -it;  plasma  is  even  more  dramatic  in  sh.  1  .  when  a  plasma  opening  switch  (POS)  was 
used.(  Figure  4-25)  Here  streamers  appeal  to  connect  the  wires  in  the  intra  wire  region.  These 
are  more  apparent  in  shadowgrams  made  from  the  holographic  interferograms. (Figure  4-26) 
In  Figure  4-?6  there  is  a  serpentine  density  maximum  in  the  intra- wire  region  which  exhibits 
a  peak  fringe  shift  of  3  7.  If  one  assumes  that  the  depth  of  the  plasma  is  on  the  order  of 
the  pi?  n.a  channel  diameters,  0.26  mm,  then  the  average  density  is  5  x  1019/cr?-j~3  and  the 
line  density  is  2.7  x  lO^/crre™1,  or  about  10  percent  of  the  original  load  mass.  These  results 
demonstrate  a  significant  fraction  of  the  load  runs  in  prior  to  any  observable  motion  <4  the 
main  plasma  channels. 

An  interesting  feature  of  these  results  is  the  plasma  streamers  bridging  the  gap  between 
the  wires.  Similar  streamers  were  observed  by  Kalentar  and  Hammer  [37]  between  the  wires 
in  a  X-pinch  experiment.  The  precursor  plasma  quantitatively  measured  here  has  been 


suspected  to  occur  in  plasma  array  implosions  as  early  as  1981  by  Pearlman  et  al.  [38] 
and  measured  by  Aivozov  et  al.  [14]  in  1985  using  a  laser  probing  technique.  This  is  very 
important  to  simulator  paysics  because  they  also  observed  x-ray  emission  on  axis  15-40  ns 
before  the  array  imploded. 

The  precursor  plasma  observed  here  is  a  natural  consequence  of  a  heterogeneous  discharge 
channel  where  the  hot  coronal  plasmas  shields  the  interior  of  the  channel  from  the  magnetic 
field  of  the  other  wires  in  the  array.  This  results  in  an  acceleration  that  is  largest  on  the  low 
mass  coronal  plasma  and  smallest  on  the  massive  core  inside.  The  light  coronal  plasma  can 
now  implode  resulting  in  the  observed  precursor.  This  nonuniform  acceleration  processes  on 
the  coronal  plasma  has  been  discussed  by  Bobrova  et  al.. [12] 

This  precursor  effect  is  expected  to  be  more  significant  as  the  wire  mass  is  increased. 
Both  Lindenmuth  et  al.  [11]  and  Bobrova  et  al.  [12]  have  shown  that  the  time,  r,  required 
to  vaporize  and  ionize  a  wire  increases  as  M 1^2.  Furthermore  Bobrova  also  found  that  r 
is  proportional  to  I~7l12.  This  mass  and  /  dependence  will  be  much  worse  on  very  large 
current  generators  like  Jupiter  where  significantly  larger  masses  are  required  to  meet  the 
MR2  scaling  laws. 

5.2  CARBON  FIBER  LOADS. 

The  discharge  with  carbon  fiber  loads  were  distinctly  different  from  Al  loads  exploded 
by  the  main  capacitor  bank.  The  imaging  diagnostics  and  interferometry,  all  showed  a 
dense  solid  or  neutral  core  that  did  not  partake  in  the  current  conduction  process.  The  line 
density  of  neutrals  was  observed  to  decrease  from  3.4  x  1016/cin  to  4  x  1015/cm  as  the  current 
increased  from  54  kA  to  95  kA.  These  values  represent  3.2  to  0.4  percent  of  the  available 
atomic  line  density  of  8.5  x  1017/cm.  For  this  range  of  currents  the  line  density  of  electrons 
in  the  corona  ranges  from  8  x  1016/cm  to  1.1  x  1017/cm  implying  that  no  more  than  12%  of 
the  fiber  was  even  vaporized. 

At  about  458  ns  into  the  current  pulse,  several  m=0  sausage  type  pinch  regions  are 
observed.  Unlike  the  aluminum  loads,  these  neck  regions  do  not  exhibit  on  axis  density 
minima.  The  type  of  pinch  stability  has  been  attributed  to  the  persistence  of  a  solid  core  in 
deuterium  fibers  by  Lindenmuth  et  al.  [11]  and  by  Neudachin  and  Sasarov.[16]  These  later 
authors  attribute  this  stabilization  process  to  a  localized  evaporation  of  the  core  at  locations 
where  the  pinch  ne  'k  comes  in  contact  with  the  surface.  This  phenomena  is  clearly  evident 
in  Figure  4-'  '  where  a  thin  refractive  shell,  imploding  on  axis,  is  observed  to  bounce  off  the 
surface  with  a  burst  of  visible  radiation  emitted  when  contact  is  established. 
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5.3  MAGNESIUM  COATED  AL  LOADS  ON  DOUBLE  EA¬ 
GLE. 

The  magnesium  coated  A1  load  studies  were  carried  out  to  see  how  many  of  the  effects 
observed  in  these  low  energy,  low  power  experiments,  carry  over  to  the  high  power  simulators 
and  what  impact  they  have  on  simulator  efficiency  and  performance.  Although  the  collisional 
radiative  equilibrium  modeling,  to  relate  the  observed  spectrum  to  the  plasma  condition 
in  the  pinch,  is  outside  the  scope  of  this  work,  a  few  observations  based  on  a  simplified 
equilibrium  analysis  can  be  made.  First  of  all,  enhancement  in  the  yield  at  20/80  percent 
composition  of  Mg  and  A1  wa s  unexpected  and  is  not  understood.  On  the  other  hand,  the 
decrease  in  Al  K-shell  lines  that  is  observed  when  the  percentage,  and  hence  thickness,  of 
the  Mg  coating  increases  was  both  anticipated  and  is  consistent  with  the  heterogeneous  load 
characteristics  observed  in  the  in-house  studies.  The  relative  absence  of  Al  K  lines  when  the 
Mg  composition  exceeds  40-50  %  indicates  the  absence  of  significant  quantities  of  He-like 
and  H-like  Al  ions  on  axis  during  radiation  pulse.  This  in  turn  implies  that  only  the  outer 
10  /m i  of  Mg  coating  imploded  leaving  an  Al  core  ~20  fim  in  diameter  to  implode  at  a  later 
time.  This  is  clearly  consistent  with  the  observed  implosion  of  the  outer  corona  in  the  two 
wire  load  studies  described  above,  which  left  most  of  the  core  at  its  original  location.  It  is 
also  consistent  wi*h  the  conjecture,  by  Deeney  et  ai,  that  all  the  load  mass  does  not  appear 
to  radiate  in  the  K-shell.  [8] 

The  line  ratio  analysis  presented  in  Section  4.4  is  valid  only  if  local  equilibrium  conditions 
prevail  and  the  plasma  is  optically  thin.  The  latter  is  easily  satisfied  for  the  electron  densities 
(few  xl0l9cm~3)  and  plasma  temperatures  (140-500  eV)  ink  rred  from  the  line  spectra. 
The  optical  absorption  length  for  the  line  radiation  due  to  resonance  effects  alone  is  about 
0.3  cm,  which  is  larger  than  the  radius  of  the  pinched  plasma  column.  Since  this  should 
be  the  dominant  absorption  process,  the  assumption  of  an  optically  thin  plasma  is  not 
unreasonable.  On  the  other  hand,  the  inferred  electron  densities  are  not  commensurate  with 
an  eleven  times  ionized  plasma  in  local  thermodynamic  equilibrium  at  these  temperatures. 
In  spite  of  this  inappropriate  application  of  the  LTE  model,  the  plasma  parameters  inferred 
may  not  be  all  that  far  off  their  mark.  The  inferred  electron  density  and  observed  pinch 
radius  of  0.1-0.15  cm,  implies  an  ion  line  density  in  the  range  of  9  x  1016  to  2  x  1017cm  . 

This  is  consistent  with  all  the  mass  in  the  Mg  layer  and  an  equal  Al  mass  for  a  20/80%  Mg- 
A1  load.  The  fraction  of  helium-like  Al  and  Mg  predicted  by  this  analysis  are  equal  at  the 
20%  Mg  load  configuration  as  seen  in  Figure  4-30.  This  self  consistency  in  the  parameters 
encourages  confidence  in  the  reasonableness  of  the  analysis. 

The  ramification  of  these  results  on  our  understanding  of  array  physics  and  simulator 
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efficiency  is  significant.  The  good  agreement  between  the  observed  and  calculated  implosion 
time  has  been  taken  as  evidence  that  the  entire  mass  imploded  as  calculated  and  that  the 
kinetic  energy  anticipated  had  been  developed.  The  calculated  kinetic  energy  could  only 
account  for  ~l/3  of  the  radiated  energy.  [10]  If  the  actual  mass  imploded  in  the  same  time 
interval  is  less  than  the  total  mass,  then  th^  on  axis  kinetic  energy  is  less  and  this  energy 
deficit  is  even  larger. 

The  effect  that  this  has  on  the  simulator  efficiency  can  be  understood  by  an  examination 
of  the  relationship  between  the  implosion  time  A t,  the  load  mass  M,  array  radius  /£,  and 
machine  current  I.  This  equation  is 

At  =  Ay/Mj,  (5.2) 

where  yd  is  a  constant.  If  one  half  the  mass  is  observed  to  implode  in  a  time  Afi,  which 
is  equal  to  the  time  A ta  that  is  predicted  for  the  entire  mass  M0  by  (5.2),  then  the  actual 
driving  current  A,  is  less  than  the  total  current  70,  i.e.  I\  ~  I0/V 2.  Since  the  magnetic 
energy  stored  in  the  gap  is  proportional  to  LI 2,  only  half  of  the  machine  energy  goes  into 
imploding  the  radiating  portion  of  the  load.  The  remainder  flows  through  the  residual  core 
of  the  wires  and  may  implode  at  a  later  time.  It  is  clear  that  any  such  division  in  the  currents 
will  result  in  generator  losses  and  reduced  radiation  yield. 


SECTION  6 
CONCLUSIONS 


The  salient  features  of  this  study  can  be  summarized  as  follows: 

1.  HY-Tech  has  demonstrated  the  usefulness  of  high  resolution  imaging  diagnostics  to 
study  plasma  phenomena  at  densities  approaching  lO20/ cm3.  Small  numerical  aperture  lenses 
have  been  used  to  magnify  the  image  and  to  overcome  refractive  effects  plaguing  other 
studies.  A  detailed  view  of  the  discharge  channel  produced  by  an  individual  wire  has  been 
obtained  using  laser  back  lighted  absorption  and  interferometric  techniques.  A  framed  mode 
has  been  used  to  obtain  a  2-dimensional  view  of  the  entire  pinch  and  a  streaked  mode  has 
been  used  to  studj'  the  radial  pinch  dynamics  at  one  axial  location. 

2.  A  heterogeneous  discharge  channel  was  observed  with  a  low  density  coronal  plasma 
surrounding  a  dense  core  which  may  be  solid  or  only  partially  ionized  for  a  significant  frac¬ 
tion  of  the  discharge  current.  The  core  in  the  carbon  fiber  load  studies  showed  the  smallest 
participation  in  the  conduction  process.  The  coronal  plasma  seem  to  be  a  surface  discharge 
and  associated  with  out  gassing  phenomena  in  the  carbon  case.  Under  similar  conditions 
aluminum  wires  exhibited  a  rapid  expansion  and  subsequent  contraction  demonstrating  mag¬ 
netic  pressure  effects  on  the  main  core.  The  response  of  an  aluminum  wire  to  the  generator 
pulse  appear  to  he  more  like  the  carbon  case  if  an  opening  switch  was  used  to  increase  1  or 
a  small  preconditioner  pulse  was  used  in  an  attempt  to  prevaporize  and  preionize  the  wire. 
No  interaction  with  the  core  was  evident  until  a  coronal  plasma  was  observed  to  implode  on 
axis. 

3.  In  two  wire  experiments,  a  precursor  plasma  was  observed  to  separate  from  the  wires 
and  implode  on  axis  while  the  bulk  of  the  wires  remained  at  their  original  location,  This 
effect  was  exacerbated  when  a  POS  was  used  to  increase  I . 

4.  Soft  x-rays  (E<300  eV)  were  observed  300-400  ns  into  the  current  pulse  while  harder 
x-rays  (E  ~  1  keV)  were  observed  at  600-800  ns.  The  soft  x-rays  appear  to  be  associated 
with  m=0  sausage  instabilities  which  were  observed  to  be  rapidly  growing  at  that  time.  The 
excitation  process  associated  with  compressing  and  heating  a  plasma  to  high  densities  in 
a  MHD  pinch,  augmented  by  radiative  collapse,  that  has  been  proposed  to  occur  for  high 
z-pinches,  may  not  operative  here  because  of  the  density  minima  that  is  observed  on  axis  in 


the  necks.  These  dense  minima  suggest  a  beam  excitation  process.  The  hard  x-rays  appear 
to  be  associated  with  inductive  dips  in  the  current  waveform. 

5.  Studies  of  x-ray  emission  by  layered  Mg  on  A1  loads  on  Double  Eagle  indicate  that 
only  30-50%  of  the  outside  layer  implodes  on  axis  and  contributes  to  the  x-ray  emission. 
These  studies  conclusively  show  that  the  outside  surface  of  the  load  sluffs  off  and  implodes 
over  a  period  of  time.  These  results  along  with  two  wire  in-house  studies  provide  a  load 
straggling  explanation  for  the  longer  than  expected  duration  of  the  x-ray  pulse.  They  also 
reconcile  the  observation  that  the  calculated  yield  can  account  for  the  measured  yield  only  if 
a  small  fraction  of  the  original  wire  mass  takes  part  in  the  emission  process.  Any  sharing  of 
the  generator  current  between  the  imploded  load  mass  and  that  remaining  near  the  original 
wire  position  (and  possibly  imploding  later)  would  represent  electrical  energy  not  transferred 
to  the  radiating.  This  could  result  in  dramatic  inefficiency. 

In  conclusion,  the  results  demonstrate  that  a  heterogeneous  discharge  channel  is  formed 
with  the  current  flowing  primarily  in  the  hot  corona  surrounding  a  core  that  may  be  neutral 
well  into  the  discharge.  This  discharge  configuration  is  very  important  to  the  implosion  dy¬ 
namics  of  an  array  because  of  the  nonuniform  acceleration  experienced  at  different  locations 
in  one  current  channel  due  to  the  magnetic  field  of  the  other  wires.  This  nonuniform  acceler  ¬ 
ation  leads  to  a  preemptive  implosion  of  the  core  resulting  in  a  dramatic  decrease  in  coupling 
efficiency  of  the  generator  to  the  radiating  portion  of  the  load.  The  coupling  of  the  generator 
to  the  load  depends  on  the  early  time  conductivity  profile  in  the  load  region.  Low  density 
and  high  temperature  plasmas,  that  are  created  when  out  gassed  surface  ontaminants  are 
ionized,  can  shunt  large  fractions  of  the  current  away  from  the  load.  Our  n  suits  show  the 
coupling  efficiency  to  be  poorer  with  the  opening  switch.  This  poor  coupling  may  be  due 
to  out  gassing  caused  by  a  very  small  prepulse  current  heating  the  wire  oi  bluv.  ;.y  plasma 
from  the  POS.  The  important  issue  in  obtaining  good  coupling  is  avoiding  highly  *  oeuucting 
alternative  paths  for  the  current. 

The  results  show  that  the  sudden  approximation,  where  the  vapor  phase  of  the  wire  is 
assumed  to  be  of  no  consequence  to  the  load  dynamics  is  not  a  good  approximation  for  the 
early  start-up  phase  of  the  pinch.  Thermal  conductivity  and  non-Sptizer  re  ;*  ivity  play 
an  important  role  and  must  be  considered.  Modelling  of  array  physics  must  m-Tde  r  —  0 
.ariation  which  allows  parts  of  the  load  mass  to  separate  and  impiode  at  diftei  -m  r,  i.tcs. 

Future  studies  are  required  to  determine  how  the  current  is  divided  between  tin  pt  ecur.  n 
plasma  and  the  residual  core  and  how  this  division  may  be  avoided. 
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